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CHAPTER VII 


SPACE RADIATION IN THE PRESENCE OF ELECTROMAGNETIC 
OBSTRUCTIONS 


Space radiation, as commercially used, meets many obstacles that 
either partially or completely change the direction of wave propagation. 
Quite often not only the direction of propagation is changed but also the 
speed at which the electromagnetic field is moving. There may be also a 
change in polarization. An arriving plane wave front is often also 
changed to one that is no longer plane upon electromagnetic reflection. 
We often deal then with an incident electromagnetic ray, a reflected 
ray, and a refracted ray. The last ray penetrates into the obstacle. 
Even in atmosphere itself, a radiation beam that follows a refracted law 
often occurs, since the effective dielectric constant of the atmosphere 
may undergo small changes and cause the wave front to move along a 
beam that is curved. This is a text on short waves, and it does not 
take a large obstacle to cause conditions of the type mentioned. A 
100-Mc wave corresponds to a free-space wavelength of only 3 m, while 
a 500-Me wave has a wavelength of 0.6 m, and a 1,000-Mc wave a wave- 
length of only 0.3 m, etc. Since most commercial propagation passes 
through air, the above wavelengths are essentially the values that hold 
for air also. It is the largest cross dimension of an obstacle in terms of 
the wavelength that gives an idea of what the obstacle is apt to do to an 
arriving wave. Naturally, the electromagnetic properties of the obstacle 
are of first importance. By electromagnetic properties, we mean the 
dielectric constant « in farads per meter, the permeability » in henrys 
per meter, and the specific conductivity o in mhos per meter. Since 
the largest cross dimension of the obstacle of known electromagnetic 
properties has to be compared with the wavelength, it is convenient to 
use the electrical length 6 = 2r/\ per meter travel in air as a reference. 
Strictly taken, the electrical length per unit distance is a + j8; but for 
air, the attenuation constant a due to the medium property vanishes. 
Then when an obstacle has dimensions smaller than 1/8, it will interfere 
little with an incident wave, just as a thin stick in water has little effect 
on water waves started when a stone is thrown into a lake. Electro- 
magnetically, the most potent obstacle consists of a good conductor 
such as copper. When, therefore, its dimensions are smaller than 1/8, 

789 


790 SHORT-WAVE RADIATION PHENOMENA [Cuar. VII 


it acts almost like an infinitesimal reradiator when struck by an arriving 
electromagnetic wave. Such a radiator has no appreciable radiation 
resistance, and any reflected waves from such a small body can hardly 
interfere with the arriving wave energy. As the obstacle gets larger and 
larger, it becomes more and more a noticeable reradiator when struck 
by an impinging wave and causes dzffraction effects with maxima and 
minima in different direction. This means that wave interference sets 
in. But if the dimensions become much larger than 1/8, the optical 
ray theory seems to give the best confirmation to what happens in the 
space field owing to the presence of an obstacle. This is the reason why, 
in this chapter, we assume that a metal as well as a general reflector is 
large compared with the operating wavelength. Experience shows that 
a few wavelengths of extensions in all directions make a fairly good elec- 
tromagnetic mirror if the metal reflector is used, for instance, in connec- 
tion with a half-wave dipole in order either to increase the reception gain 
or to cause a gain in a desired direction in the case of a transmitting half- 
wave dipole. It is subjects of this type that are analyzed in this chapter. 

148. Application of the Optical Fresnel Relations on Reflection and 
Refraction of Electromagnetic Waves. The object of this section is to 
derive expressions for electromagnetic waves traveling from a medium 1 
into a medium 2, where each medium is assumed isotropic but such that 
it may also exhibit a certain conductivity c in mhos per meter in addition 
to the dielectric constant x in farads per meter and permeability w in 
henrys per meter. If the general medium is nonferromagnetic, the 
permeability is equal to wo = 1.257 X 10-° henry/m. The derivation 
assumes plane waves and also that the boundary separating respective 
mediums is plane. The angle of wave incidence is taken for plane waves 
and for an incidence under any angle from 0 to 180 deg with respect to 
the plane of separation. The angle of incidence 6; is, however, expressed 
with respect to the normal to the plane of medium separation. 


It is necessary to distinguish between the polarizations of the incident electro- 
magnetic wave, since we have to meet the boundary conditions at the plane of medium 
separation. For medium 1, we have the electromagnetic properties p1, «1, 1 and for 
the medium 2 the properties p2, k2, 02. This means that across the boundary, we have 
sudden changes of these factors. We have, therefore, also corresponding discon- 
tinuities at the boundary for the electric 6 and magnetic H vector of the electromag- 
netic field. Now Maxwell’s equations hold at any space point where the electro- 
magnetic fields change continuously. Therefore, if we have a surface of discontinuity, 
we must satisfy the boundary conditions. A discontinuity is then the limiting con- 
dition of a more rapid continuous change. The boundary conditions require that the 
tangential electric field component be continuous. This means that on either side 
of the plane of separation (which is the boundary) and tangent to this plane, the electric 
field components must be the same. Therefore, if air is one medium and a perfect 
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conductor is the other medium, we cannot have a tangential & field along the boundary, 
because along the inside wall of a perfect conductor & = 0 volts/m and, therefore, 
there cannot also be an electric field in air tangent to the copper surface. The bound- 
ary condition also requires that the normal component B, = uH, of the magnetic 
flux density be continuous (the same on either side of the boundary). For a dis- 
continuity of the tangential magnetic field component, we must have a surface cur- 
rent density; while for a discontinuity of the normal component D, = x&, of the 


ne 


Medium of the-Y side 
of the XZ plare 
Aas [tz ana Kp 


Mediurn of the 
+Y side of the XZ 
plané has ft, henrys/m 
and Kk, farads/m 


Plane of mediurn 
separation 1s 
In XZ plane 


Locations: Pi at x1, y1, 21 
P2 at x2, y2, 22 
P3 at 23, ys, 23 


1 
V pik 


Distances: 71, r2, and r3 are from origin O, and 


1 = m/sec 


r1 = 1 COS a1 + yi Cos B1 + 21 COS 1 
r2 = £2 COS a2 + y2 cos B2 + Z2 cos Y2 
r3 = 23 COS a3 + y3 cos B3 + 23 COS Y3 
where @ is the angle of r against X, 8 of r against Y, and y of r against Z axis 


Fie. 218. Field energy tubes shown for &:1, §2, and &3 in the plane of wave incidence. 
Planes of constant phase are in the &, H wave fronts and normal to respective velocities v1, 
v2, and v3 m/sec, while planes of constant amplitude are parallel with the plane of medium 
separation. 


electric flux density, we must have an equal surface charge density of «&, coulombs 
per square meter. Therefore, at the boundary between two dielectric mediums, both 
the tangential electric 6 and magnetic H fields are continuous; while for a perfectly 
conducting boundary, the tangential § field vanishes. 


Let us take first two mediums 1 and 2, respectively, as in Fig. 218, 
that are purely dielectric with respective constants pi, k1 and ps, kK. Let 
us also take a distant field region for the location of the arriving electro- 
magnetic wave. ‘The respective field associations of &; volts per meter 
and H, amperes per meter of the arriving incident wave are then a plane 
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wave front in space quadrature and in time phase as far as the obstacle 
is concerned. The arriving wave then travels with a speed of 0; = 


1/-/uiki meters per second. We can then take the propagation of 
electromagnetic field energy (along the normal to the plane wave front) 
as a ray and apply physical optics. Inasmuch as we deal with the trans- 
fer of electromagnetic energy in the case of wave propagation, it is con- 
venient to start with energy relations and define the coefficient p of 
reflection as the square root of a power ratio by dividing the reflected 
energy per second leaving a reflecting surface A by the energy per second 
incident to the same surface A. If the two energies are of equal mag- 
nitude, we have perfect reflection, z.e., p = 1. If the reflected energy 
is smaller than the incident energy, the difference is either dissipated at 
said surface (if also o mhos per meter is effective), or partially dissipated 
at the surface and partially passed on into medium 2 as a refracted ray. 
According to optics, the incident, reflected, and refracted beams form 
the plane of incidence. Therefore, whatever electromagnetic field 
energy enters through cross section A; must be equal to the sum of 
respective field energies crossing areas Az and A;. This is the case, 
since the arriving electromagnetic field energy flowing to the common 
area A in the plane of separation of the respective mediums splits up 
along the energy tube of reflection and the energy tube of ‘refraction. 
In reality, the points P:, P2, and P; with respective cross sections are 
next to the area A at which reflected and refracted energy separation 
sets in, and we have the conditions of Fig. 219. The XY plane in this 
figure coincides with the plane of wave incidence. The YZ plane is the 
surface at which electromagnetic field energy divides into reflected and 
refracted energy. ‘The electric field vectors &1, &2, and &3 are as shown 
in Fig. 219. They are in the plane of incidence. These electric polariza- 
tions can also be normal to the plane of incidence. When both the polar- 
izations as shown in Fig. 219 and the polarizations that are normal to 
the plane of incidence are superimposed, we have the general case of 
polarization for plane electromagnetic waves. In Fig. 219, the asso- 
ciated magnetic field vectors are then parallel with the Z axis (per- 
pendicular to the paper). According to optics, the planes of constant 
phase for the incident, transmitted (refracted), and reflected waves are 
perpendicular to the plane of incidence (XY plane). Therefore, areas 
Ai, Az, and A; are the wave fronts next to the plane of separation with 
the corresponding common area A, for the indicated energy tubes. 
According to Snell, we have the reflection law 6; = 61, which means that 
the angle of reflection is equal to the angle of incidence. We have, for 
dielectrics 1 and 2, the refraction law sin 61/sin 0. = v;/v2 for the velocities 
vi and ve in medium 1 and medium 2, respectively. For the energy 
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tubes of Fig. 218, the electric and magnetic field associations are related 
to each other as in, 


&:/H, == Zi/ki; 8o/H» = Z2/ko; §3/H3 = Z1/ks 


for the unit vectors ki, k2, and ks along the 71, r2, and r3 directions and the 
characteristic space impedances Z1 = ~/w1/k2 and Zz = ~/p2/k2 ohms. 


Plane of 2 -/ ee ohms 
constant 
phase 7 
\ A V2 Vik 7/'s€C 
ack’ =~ Hoke 
a“ =J, ‘x/0 Vik, = ie = 
: =s\D- 
0, angle of = Ba 
incidence, 
03=0, angle —--—— - -—»X 
of reflection 


‘ Ss 
oo YZ plane separates 
vas media pe, K, and fp,K2 
rita m/sec hin Kane 
XK, KINTATAAS/ 177 
os Plane of 
constant phase 


~ gin 62 ni v 
n is relative index of refraction. 
YX plane (plane of paper) is plane of wave incidence 


nae — LN noo =3 X 10° ~/ poe 
ve V/V pore 


62 is angle of refraction for & vectors in plane of wave incidence. 
Cross sections of wave front perpendicular to X Y plane 


A1 =A cos 61; A2 = A cos 02 sq m 


Fig. 219. Effective cross sections Ai, As, and A3 of elementary energy tubes of incident, 
refracted, and reflected beams next to the common cross section A in the plane of medium 
separation. 


If & and H denote the effective field values in volts per meter and amperes 
per meter, respectively, the power flow across A square meters is P = 
A-+&-H watts. In Fig. 219, we have, for the energy tubes of the incident 
and the reflected beams, a cross section A cos 6; in each case; and for the 
refracted (transmitted) beam, we have a cross section A cos 62. In 
each case, the respective cross sections have their bases on the common 
area A. 
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For plane waves, we have, for the characteristic space impedance Z, and effective 
field values & and H, the relations p = &H = &?/Z) = ZH? watts per square 
meter. For each second, we find that the power transfers Pi, P2, and Ps of the inci- 
dent, refracted, and reflected beams for the &, &, and &3 values at z = 0 (at the 
boundary) are 


Als? 0 A&? cos 62 
Pi = = watts;  P,= a watts 
1 2 
A&; cos 61 be ee 
P; = ————__ watts; 27 = | 2 onms: Z, = 4/— “ohms 
Ly Ky KQ 


The ratio of reflected to incident power results in 


IPs P, —P, P, 1 Z1832 COs 2 


— = =] —— = 


Pa 12) Py ~ Z8? cos 61 

Ps tees COS 95 | Mike ee A by COS CP) [rake 8 

Py cos 6, Me2K1 ey M2 COS 6, MiKi 8? 
The reflection coefficient p for any angle of incidence 6; is the ratio of the reflected 
field intensity &3 to the incident intensity &: and, according to (868), is equal to 


~/ P;/Pi, yielding the alternate formulas for the pure dielectric mediums 1 and 2 as 


aR eS ees \ > 
A Z, COS 02 8% fone 
a os ee ee = 8 A 
Z2 cos 01 &} m =3X 10° ~/mni | relative indexes 
referred to vacuum 


1 COS Oo 01 83 


a me = 3 X 108 ~/ aK. 


ae lu COS 01 V2 &2 ) n = 1% relative index of medium 2 tee) 
- 1 with respect to medium 1 
i) = Rion es Se M1 Sin 0; = No Sin Bg ; 
M2 COS 6; 87 


where n denotes the relative index of refraction of dielectric mediums wi, «i and po, 
xo for the indexes 7; and m2 for mediums 1| and 2, respectively. 


We must distinguish between horizontal and vertical polarizations. 
In radio engineering, it has become common practice to signify the 
polarizations of waves by means of the electric polarization.! Figure 220a 
and b shows how the field associations are oriented for vertically and 
horizontally polarized electromagnetic waves. By vertical polarization, 
then, is meant the polarization caused by a vertical linear radiator. 
Horizontal polarization is produced by a horizontal linear radiator. 
There is quite a difference between vertical and horizontal polarization 

1 For an elliptically polarized plane wave progressing in the +Z direction, we have 


the radiation 
& = 2 8elt-B) 4 9, Soeiot-Beto) volts /m 


where, as on pp. 785-786, &; and & are the orthogonal linear primary polarizations in 
the XY plane and v, and vy, are unit vectors along the X and Z directions. For the 
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as far as the total radiation effects are concerned in the case of electro- 
magnetic obstacles, which cause reflection and refraction effects. The 
resultant space field is then due to the direct ray (a ray as in unobstructed 
radiation space) and generally due to indirect rays (reflected rays). 
Inasmuch as the XY plane for either polarization of Fig. 220 is made to 
coincide with the plane of incidence, the incident, the transmitted 
(refracted), and the reflected rays must lie in this plane. The perpen- 
dicular YZ plane is such that it represents the plane of medium separa- 
tion between the isotropic dielectrics wi, x1 and pe, ke, respectively. 
Therefore, by taking the & vector in Fig. 220a everywhere in the plane of 
incidence, we have the case of one fundamental polarization. The 
vertical polarization is then a special case of the above-mentioned & 
orientation. In Fig. 220b, the electric & vector is everywhere perpen- 
dicular to the XY plane (the other fundamental polarization). Table 
44 gives the application of formula (868a) for vertically and horizontally 
polarized electromagnetic waves. This table leads, then, to the elec- 
tromagnetic Fresnel relations, which are well known in optics. We have 
already found in this text that ground represents a general medium (un, 
x, and o effective). We have also found that the operating frequency 


relative time phase ¢ = +90° and &: = &, we have right-handed and left-handed 
circular polarizations, respectively. W. Sichak and 8. Milazzo (op. cit. on p. 787) 
have given the relation 


2re 
E=K~/1¥ a-b+d-ecos (2); a=——~ 
Dae ie 
2r1 rm — 1 re — 1 
= ; => ; e= 
1+r r+ rtd 


for the magnitude of the induced voltage. K is a constant, and r; is the ratio of 
maximum and minimum amplitudes in the field pickup aerial system when rotated in 
a plane transverse to the propagation direction Z of a linearly polarized wave, initi- 
ated in the initial XY plane. This is also the ratio of maximum to minimum values 
of the field vector of an elliptically polarized wave which would be radiated by the 
receiving antenna (if used as a radiator). The quantity r2 is the ratio of maximum 
to minimum amplitude values of the field vector of the incident elliptically polarized 
wave. The quantity y denotes the angle between the direction of maximum ampli- 
tude of the electric field vector in the incident elliptically polarized wave and the 
direction of maximum amplitude of § which would exist if the receiving antenna sys- 
tem would radiate. This requires that the § vector be always in the plane normal 
to the propagation direction of the incident wave. 

In the case where an incident circularly polarized wave affects a circularly polarized 
wave pickup system, we have the simplifications r1 = re = 1 and H = K~v/1 F 1. 
Thus, for a circular polarization, which is clockwise for the incident wave and for the 
wave pickup system, the induced voltage in the pickup system is EH = K ~/2 volts 
for the absolute magnitude and vanishes if the receiving pickup aerial system causes 
helical rotation opposite to the incident circularly polarized wave. 
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has much to do with whether the earth crust is in effect behaving like a 
dielectric, like a semiconductor, or like an apparent conductor. 

149. Remarks on the Phase Factor of an Electromagnetic Wave 
Refracted into a General Medium. From Table 44, step 33, the phase 
factor in the relations for the field associations 6; and H2, for &)/H») = 
V/ U2] ke, is F2 = et"), if the relative index of refraction isn = ~/K, — Jq 
for g = 1.8 X 104(o2/f) and f in megacycles per second, x, = k2/ko, Ko = 
8.854 X 10-12 farad/m, and o2 is in mhos per meter. The permeability 


> 


m1 


kefracted or 
transi tted 


sin 61 v1 ne - [woke P : ; 
n= = = = for pure dielectric mediums 


sin 62 v2 n1 bikK1 
TH = 3) xX 108 VJ paki, pi henrys/m, ki farads/m 


ne = aoe c V poke a8} «aye V/ 2k, eo henrys/m, ke farads/m 
v2 
All & vectors in plane XY of incidence All H vectors are in plane XY of wave 
(corresponds to vertical polarization) incidence (horizontal polarization is an 
= ; = 2 le) 
H=Hj; & =+/[6)? + |e)? exam a 
6 = 0 =H, = H, &=8]; H = V|Hz? + Hy! 
Hii, Ho, and H3 are normal to the paper H, =0 = & = & 
(along Z directions) and tangent to &1, &:, and &3 are normal to the paper and 
plane of separation. tangent to plane of separation. 


Fig. 220. Cases for all electric vectors in the plane of wave incidence (220a) and all mag- 
netic vectors in plane of wave incidence (220b). 6&1, &2, &3, Hi, He, and H3 are taken at x = 0 
in Fig. 219. 

of medium 2 is then usually we = wo = 1.257 X 10-* henry/m. It is 
the space term e~6"" that concerns us here, since the time factor e** does 
not differ from the time factor of an ideal dielectric medium 2, for which 
g2 = 0 mhos/m. The difference exists in the fact that the wavelength 
A2 In B, = 6.28/Xr2 differs from the value of a nondissipative dielectric. 
For the nondissipative dielectric T2 = j8 = jw/v2, where v2 = 1/+/ poke 
meters per second; while for the dissipative medium, we have I; = 
jo V w2ke = a2 + jB2, where ke = ko —j(c/w) farads per meter and 
Ve = w/B2 meters per second. 
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Vertioay F > Horizontal 3 
‘near . /inear 
radiators ~ _ _* Medium} radiator _* Normal to 
1 ay and kK, oe reflector surface 
~s 6, S | 


Down-coming av37V_ Reflector 


(plane of 
x xX medium ) 
‘ ; separation 
Vedra 2 | ¥ ‘Reflector 
fz henrys/m 
K2 tarads/m 8% ot 
toy Oo 
a=» Ve\ 
5 . 
a Ss 
(a) (0) 
Reflected &3 = py&1 Ki 
Incident 1 = &0 cos 41 Reflected Hs = pri = pp a &1 


&o field parallel with linear radiator 


Hy, = s/o 
1) 


Incident Hi = Ho cos #1 
Ho field amplitude is normal to linear 
radiator 


Fig. 221. Conditions for vertical and horizontal polarization in the presence of a reflecting 
surface of medium separation in a horizontal plane (XY plane). XY plane is reflecting 
surface; 61 is angle of incidence and angle of reflection with normal to reflector; 02 is angle 
of refraction with normal 21, v2, and 23 velocities forming the plane of wave incidence. 
(a) Down-coming vertical polarization (all magnetic vectors point into the paper at Q). 
(b) Down-coming horizontal polarization (all electric vectors point into paper at OQ). 


x 
Vertical Horizontal / & 
linear /inear 
receiver ferns 
antenna, antenna 
¥ Eo 


L1=40} Air 
K,;=Ko 


A meters 


On; H2=/Lo; K2 22,2=HKojK2 
(a) (b) 


Fra. 222. Resultant wave effect of down-coming waves due to a direct and ground-reflected 
ray. 6is angle of wave incidence and wavereflection. (a) For a vertically polarized arriv- 
ing down-coming wave (vertical receiver antenna). (b) For a horizontally polarized 
arriving down-coming wave (horizontal receiver antenna). 6 = (47h cos 0)/A; A\& 
300/f™«) m. is direct field in volts/m; &, is reflected field in volts/m. 
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Inasmuch as the refraction law applies to the general medium (step 14 of Table 
44), we find 


‘ 4 M2, sin 0; T; Jus bok 
Ti sin 6; = T2 sin 63; n=—=- _ 2s _ jo Vieira 
m sind Ti jy V/ bike, 


V bike, & V/ woko since medium 1 is air 
V boke, = mo (es =—j 2) for a nonmagnetic medium 2 


K, Ba i, 22 oe r—Jjq for fin Me/sec 


2 Ko 


This is then the relative index of refraction n of medium 2 with respect to medium 1. 
Since medium 1 was taken as air and air behaves almost like vacuum (if the humidity 


ay = 
rs Real values 8 Joie 
f SZ Ke Ke 
| ky = — 1012 numerical 


Va2+q2 Ko ~ 8.854 


= ile SK 1012 
: ij 


’ 

' 

| ‘ where o2 is in mhos/m, f in 
= Me/sec, g numerical 


Fria. 223. Conditions for a general medium. 
gradient is not taken into consideration), we have for the above result also the value 


for the relative index of refraction n2 referred to vacuum. This means that nz. = 
kp — J1.8 X 10402/f'". We know that in medium 2, the velocity is v2 = w/8s2, 1.e., 


where f is in megacycles per second and the free-space wavelength is in meters. 


We have, therefore, 


ae _ 


=3 Vive +e /} ton (=) 


Poa, 
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where, according to Fig. 223, we have 


VeFP=—; Vete-2 


g=18x10!2 


if cos Hf sin y 
se Kp y | 
Co aa soa: ae cos p 035 cosy 3 
Ae eee Vie aye le ee 
ges a sinc B i y 008 oun. sit y ee 
ye Ah aa 4 
4en = —J6 ros P Neos °° 2 cos B nore J sin (869) 
Ph re sin 7 sag Wee. 
Fy = e@t-Ber)¢—aar 
time and space ditenue 
phase ation 


where f is in megacycles per second, o in mhos per meter, and r in meters. 
The expression for the attenuation constant a2, in terms of the q/sin py 
ratio under the square root, has the advantage that for small arguments 
of y (angles of y S 10 deg), the argument y, expressed in radians. can 
be used in place of the sin of y, and 


a ey. (en 
Ras gigsn dws 2% = 8 Vay 


In the phase factor fF. of (869), the quantity r denotes the distance in 
meters along the refracted beam from the surface of medium separation. 
Step 33 of Table 44 gives an idea of how the surface of the earth behaves 
electromagnetically in the short-wave range of carrier frequencies, 
besides giving formulas for computing the relative index of refraction. 
It is seen that for many mediums, we have, in the short-wave range, in 
effect a pure dielectric, in spite of the conductivity of the medium. If 
this happens, n is a real value. 

150. The Pseudo Brewster Angle of a Wave Medium with Dissipa- 
tion. In Table 44, we learned that the Brewster angle of wave incidence 
is a characteristic feature for vertically polarized waves and that for an 
angle of incidence 6, = tan! (n), the entire arriving wave energy coming 
from medium 1 toward medium 2 passes into medium 2 if medium 2 
is a perfect dielectric and n denotes the relative index of refraction of 
medium 2 with respect to medium 1. To find the generalized Brewster 
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angle #3, we use the generalized Snell refraction law 


in the relation (step 15 of Table 44) — 


= pails COSNG th poly COS O2 
bails COS 64 + poly COS A, 


Pr 


for a minimum value of the reflection coefficient p,, holding for vertical 
polarization and for polarizations generally for which the electric & 
vector is oriented anywhere in the plane of incidence. In a dissipative 
dielectric, we can, at best, expect only a minimum value. For this 
value, the pseudo Brewster angle 6; must satisfy the relation 


T. cos 6g — 11 i _ & sin is) 
Es . 
T, cos 6g + Tia/l — fr, sn Oz 
e 2 


for wi = wo = we. Since for air m1 =xo, we find again n = T./T; = 
+/«., where x’ is the relative dielectric constant ke/Ko = Kk, — 1.8 X 10402/f, 
for f in megacycles per second. Dividing the numerator and denominator 
by Te, we find, for any angle 6; of wave incidence, 


Pmin 


nm GOS 6 1 pete: 
1 <i ‘0 5 
oe) ik, CORO) — 4/ x, BIN? 6; 


Pp» = a ! 7 Oe & 
sin? 6, K, COS 0; + +/xK, — sin? 61 
nN COS a+ 4/1 Ts ‘ 


Taking medium 1 as a perfect dielectric, such as air, and medium 2 as a general 
medium, which in addition to w2 = mo and x» actions also has a oz action, we find 
Ty = jo VW uier = JB: and Ps = jo WV uate, = jo WV paleo — j(o2/)] = J8.. The equiva- 
lent complex phase constant 8, is, for the attenuation constant a2, of the form 6, = 
B2 — joo, so that T2 = a2 + 7621s satisfied. According to the generalized Snell 'refrac- 
tion law, the angle 62 of refraction must be a complex sine function, and 


; Vos 9B1 : 9Bi(c2 — jB2) . 
= — sn 1 (sin 
sin 02 af sin 6, ay sin 6; of +8 sin 61 
Bi(B2 + Jas). BiB... 2) osBalee 
aS 1 = gin 6; + sin.6 
of + Page OP BRE ga GR aia 


= (r + js) sin 41 
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The cosine function of 42 is, therefore, also complex, because 
Cos 62 = V1 — sin? 6. = V1 — (r + js)? sin? 41 
= V/1 — (r? — s*) sin? 6, — j2rs sin? 6: = pe? 
1 — (r? — 5?) sin? 6; — j2rs sin? @, = p%?2? 
p<? = pcos (2¢) +7 sin (2¢)] 


We have then 
1 — (r? — s?) sin? 6; = p? cos (2¢); —2rs sin? 6; = p* sin (2¢) 
—2rs sin* 6; 
1 — (r? — s?) sin? 6; 


tan (2¢) = 


In exactly the same way, expressions for a and 62 are found by evaluating p2 = (Be — 
joo)? and equating in 

of + BZ — j2a282 = w'u2K2 — Jwoope 

epee? er 

real real 

the real and imaginary terms 

of Sti BS = woke; 2a2B2 = woope 

The pseudo Brewster angle 6s for a dissipative medium 2 is found 

for the complex relative dielectric constant «, = x, — jg by means of 
Kp = k21012/8.854 and g = 18,000 (c2/f) from the expression 


COs 02 = RE —1t V2 + 9?)2(k — 1)?'+ g*[(x? + g?)? — I] 
; (Pa ; 
for a wave penetration into a dissipative medium oz, 


H2 = Mo, Ke. 


(870) 


for g K k;+; Cos 0g = —_ for g>> kr 


1 

V1 + kr V4 
where a is in mhos per meter, x, and g are numerical, f is in megacycles 
per second. There are many applications of this expression in sections 
that follow. Formula (870) must check the classic Brewster angle 
6, = tan-! (n) of incidence, holding for a perfect dielectric medium 2. 
We have then o2 = 0 and therefore also g = 0, which means n = +k, — jq 
= \/x, or x, = n*. Therefore, for a perfect dielectric medium 2, formula 
(870) reads 


cos 62 = ae —14+ V(nt + 0)2(n? — 1)? + O[(n4 + 0)? — 1] 


cos 63 = 


AIO)? — 1 
= 4 tikes Nate al alle. [* — Laie 0 
rT ns — I > ns — 1 
aS n?—1 
al (n? — 1)(n? + 1) 


(ndjee tae it) 
1 


Vi + 0 
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But tan 62 = holds also for a pure dielectric. Since tan 6; = n/1, 
the hypotenuse of the rectangular triangle must be 1/1 + n2 and the 
cosine of 62 is 1/+/1 + n?, which checks the pure dielectric Brewster 
angle. For vertical polarization, we have 


_ n? cos 6, — m | where m = Vn* — sin? 61; n? = x, — jq = 


Pas Py = 2 

n* COS 01+ M | Ky ; o>. : : : 

Erste Mm 7 ie 718,000 Fixtc) if medium 1 is air and 
0 SND Seer eee ae ; 

cos 6: + m medium 2 has po = po 


in comparison with horizontal polarization. The angle 6, = 63, for a 
general medium 2, then causes only a minimum value of p». This means 
that the reflected field is likewise only a minimum for the pseudo Brewster 
angle 03. The time phase of the reflected field is then —90 deg with 
respect to the incident field. 

151. Magnitude of the Brewster Angle of Incidence and Actual 
Values of the Coefficient of Reflection for Vertically and Horizontally 
Polarized Electromagnetic Waves. By vertical polarization is meant 
the electromagnetic field of a linear radiator that is vertical with respect 
to the plane of reflection. For horizontal polarization, the linear radi- 
ator, which causes the electromagnetic field, is parallel with the plane of 
reflection. Figure 224 shows actual and image linear radiators, for a 
plane metal reflector. According to the electrical image effect, the 
image current is in phase with the actual radiator current (Fig. 224a), 
in the case of a vertical radiator. The reason for this is that at a certain 
instant, the indicated half-wave radiator is charged negatively at the 
lower end and positively at the upper end. According to the image con- 
cept, equal and opposite charges occur just as far behind the reflector 
(in this case, ground is taken as the reflector) as in front of the reflector. 
Current then flows according to indicated directions. For a horizontal 
half-wave dipole (Fig..224b), we note that for the same reason, we have 
antiphase actual and image currents. For the general orientation of 
linear radiator sections, we have then the conditions of Fig. 224c. It is 
mostly half-wave radiators and quarter-wave radiator tips that we apply 
in VHF and UHF work and with respect to perfect reflectors (practically 
so, since metal reference planes can be used for UHF’s). For the general 
case such as actual ground, according to Table 44, the reflected wave is 
the value of the incident wave multiplied by the reflection coefficient p, 
which is generally complex, since we have, for vertical polarization, a 
coefficient p, = a — jb = v/a? + B? ei and, for horizontal polarization, 
a coefficient of reflection p, = d — je = ~/d? + e? eivs with respective 
time phase delays ¢, = tan-! (—b/a) and g, = tan-! (—e/d). For any 
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angle 6 of incidence with respect to the normal to ground, we have respec- 
tive coefficients of reflection 


; : 2cos 0 — ™m for vertical 
Reflection coefficient p = py = AS OR ase soy 
n? cos 6 + m polarization 
: (871) 
Reflect; pes \ anil cos 8 — m for horizontal 
SO ah gee“? Cos 0 a? polarization sess 


where @ is the angle of wave incidence with the normal to the plane of. 
medium separation, m = +/n? — sin? 6, n? = & — jg, q = 1.8 X 104c/f, 


FE 


Current 
Actual Jie Gistribution 
linear oe we te 
radiator / is 
H Actual Eee 
pe ; aistributi 
& peor Cotes BeaG sath 
Popenal 
ne ee 
Image-\x LAG 
radiator, } “nee 
(ul ree 
LV aistribution 


& 


Se, — 
an “3 Image current flows 


‘ 

Re Bee 
~ 

® 


(c) 


Fia. 224. Image effects just as far behind reflectors. (a) Vertically polarized (inphase 
actual and image currents). (b) Horizontally polarized (antiphase actual and image 
currents). (c) General orientation (can be decomposed into vertical and horizontal 
constituents). 


o is the conductivity of the reflector in mhos per meter, f is in megacycles 
per second; x, = («/8.854) X 101? is the relative dielectric constant of a 
nonmagnetic reflector (u = wo = 1.257 X 10-® henry/m), « is the actual 
dielectric constant of the reflecting medium in farads per meter, and we 
have ¢ = 5.8 X 107 mhos/m and «x = 8.854 X 10°” Fivaditnt for an 
annealed copper reflector. Figure 225 illustrates the case when a ver- 
tically polarized plane wave is incident to actual plane ground. Inas- 
much as the incident as well as the reflected waves both proceed in air, 
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the respective wavelengths ,; and )s; are identical and essentially equal 
to the free-space wavelength \ = 300/f meters, where f is in megacycles 
per second. The refracted wave progresses in the ground and depends 
on the velocity v2 of propagation in ground. The wavelength d» of the 
refracted wave is then relatively smaller, besides the fact that we have 
a rapid attenuation, so that only a few cycles can display themselves 
before the refracted beam becomes negligible. We are interested only 


qzl8xlot Limhos/m) 


£(Mc/sec) 


-—»X 


For q < k;, ground acts to reflections like a dielectric x, but as a dissipative medium to re- 


fracted waves. For B =w V yoko = #/(3 X 108); w/6.28 in cycles/sec; ~ = Bz cos 0 
& = &, + &2, = &0 cos beitBrsin M[eiW — p,¢-iletW)] 


& = &2, oF &2, 
= &o sin bei tBz sin 9) civ + py e—iletW] 
Sz, = &0 cos O¢2[@t—B (a sin 6—z cos 6)] 


& = Eo sin Bei[#t—Alx sin 0—z eos 6) / incident 

1 
&:. = — pre? ¥r&o cos Oe i[et Bix sin 6+2 cos 6)] 

: i 3 ; i reflected 
82, = t+pre*#r&o sin O¢2[~t-B (wx sin 0+2 cos 6)] 


Fie. 225. Conditions for a vertically polarized electromagnetic wave incident on actual 
plane ground. 

in the reflected beam, since it combines with the direct beam (the latter 
not shown in the figure) to yield the resultant space field. We deal, 
as far as the space propagation and the resultant space field are’ con- 
cerned, with a propagation constant IT = 78 = j10-*w/3 for the fre- 
quency w/6.28 in cycles per second. For the Brewster angle 65, the 
reflection vector p, becomes a minimum value, while the coefficient p,, 
holding for horizontally polarized waves, is not affected by this angle 
of incidence. We found in Table 44, step 33, that at UHF’s, the average 
ground acts, in effect (as far as wave reflections are concerned), like a 
quasi dielectric of relative numeric dielectric constant x, of about 15. 
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’ Hence, we can expect, in effect, an actual Brewster angle for which we 
have no reflected beam if 0g = tan-! +/15 = tan-! (3.873) = 75.5 deg 
is the angle of incidence with the normal to ground. For the angle of 
6», the time phase of any reflected ray (if ¢ is not negligible in comparison 
with x,) gives a minimum reflected ray with a relative time phase of 
minus 90 deg. For the angle of incidence @ < @z, the reflected &3 field 
is nearly in phase with the incident &: field. For angles of incidence 
6 > Oz, the reflected ray &3 is nearly in antiphase with the incident ray 
81. It does not matter whether we think in terms of electric & fields or in 
terms of magnetic H fields when we refer to a ray or a beam, since the 
coefficient of reflection refers either to & fields or to H fields. Suppose 
we take a practical case, for instance, wet ground. The electromagnetic 
properties are then given by about the values « = 10-* mho/m and 
x, & 30. For a 100-Mc wave, we have g = 1.8 X 10* X 10-*/100 = 
0.18 as against x, = 30. We have then only 0.6 per cent of the x, value 
and can neglect (at this frequency and higher) the g term in (871). The 
percentage effect is actually smaller than 0.6 per cent, since g acts in 
geometrical quadrature with respect to x, We have then 6s = tan™ 
(\/30) = tan-! (5.4772) = 79.7 deg. The values given in Table 45 hold 
for wet ground for frequencies above about 50 Mc/sec, and n? = xk, = 30. 
This table as well as Fig. 226 shows how the reflection coefficients for 
vertical and horizontal polarizations vary with the angle of incidence 0. 
It will be noted that the reflected beam for horizontal polarization is 
always 180 time degrees behind the incident beam. For vertical polariza- 
tion, the reflected beam is in phase with the incident beam from 6 =0 
deg (normal incidence) up to values close to the Brewster angle 0 = 
79.7 deg, since at the incidence 6; = 79.7 deg of the Brewster angle, the 
reflection coefficient p, becomes zero, and we have an abrupt phase jump 
from y, = 0 to g = —180 deg, the Brewster angle corresponding to the 
between value of —90 deg. This means that between angles very little 
above 79.7 and 90 deg of incidence, the reflected beam is in antiphase 
with respect to the incident beam. We have for wet ground a quasi 
dielectric and therefore all the features of an ideal dielectric at UHF’s. 
From these results, we note that horizontal polarization is more uni- 
form, since, first, we always have antiphase reflection; and second, the 
reflection coefficient p;, varies only between the limits from —0.691 to 
—1. It is difficult to make a general statement with respect to the 
merits of respective polarizations, since they depend greatly on the 
service space zone. If the service zone-is not more than about 10 deg 
with respect to the ground, then we have for vertical polarization also 
only antiphase reflections but a very rapid change of the p, value with 
respect to the angle of incidence, which is also the angle of reflection. 
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Table 45 and Fig. 226 also show that for vertically and horizontally 
polarized waves, the respective reflection coefficients are always smaller 
than unity, except for grazing incidence (@ = 90 deg). For dry ground, 
we have likewise a quasi-dielectric condition. Taking x, = 10 as an 


~p,, antiphase reflection for 
horizontal polarization 


~p,, vertical reflection 
coefficient 
(arttiphase 
reflection) 


+p, iInphase 
reflection 


Ome O Meco SO 40e750 60: 70 os0eEgo 
—>6, angle of wave incidence (space deg) 

6290 °(perpendicular : 

; oy Mista Y, =-180 time deg 


Gh, =-/80 time deg 


ERP Bl Return tor Se 


' 
8=90 “(grazing wave 


sriclderce) 
K-30 for wet, fy =90 ee deg 4 
are Se Phase Jump tor puré 
Quasi dielectric mirror a y 
| (reflector) for q<< Kp<< 380 dielectric effect ; 
, 4, =0 time deg (means in 
=O time deg. 0-8 phase with 
a incident bear 


Fre. 226. Reflection coefficient and its time phase for vertical and horizontal polarization 
from plane wet ground above 40 Mc/sec. o is in mhos/m; fin Me/sec. These curves hold 
above 40 Mc/sec for reflections from wet ground, since q = 1.8 X 10!0/f << x, < 30. 
Note: Brewster angle 0g refers only to vertically polarized waves (for which electric & vec- 
tors are parallel with plane of wave incidence). Brewster wave incidence (0 = 6B), no 
reflection for a pure dielectric (and quasi-dielectric) plane obstacle. py is magnitude of 
reflection coefficient for vertical polarization; pr is magnitude of reflection coefficient for 
horizontal polarization; ¢» is time phase for vertical and gp is time phase for horizontal 
polarization. 


average value for the relative dielectric constant, we obtain a Brewster 
angle 6, = tan-! (1/10) = tan! (3.16) = 72.5 deg. The Brewster 
angle is, therefore, less grazing for dry ground. The computations of 
Table 46 refer to dry ground at UHF’s. Since for dry ground, we have 
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a conductivity of about ¢ = 10-4 to 10-5 mho/m, we have even for the 
highest conductivity value, even at 10 Mc/sec, a value of only ¢ = 
1.8 X 104 X 10-4/10 = 0.18; and at 50 Mc/sec, we have 0.18/5 = 0.036, 
which is negligible compared with the geometric quadrature component 
of 10. Hence, also in this case, Table 46 and the corresponding curves 


—-—- forocean above 10000 Mc/sec 
ie For wet ground (x,=830), above 40Mc/sec 


For dry ground (x,=/0) atall UHF$ 


(grourid acts 
All curves are for q=l8x 104 LCL <n, like a quasi- 
FiMc/sed) dielectric) 


50 60 70 80 
> @, space deg Op =63.6° 
(Angle of wave incidence with normal 0g=77.7° 
to plane of medium separation) 03=72.5° 


Fig. 227. Reflection coefficients for different ground conditions and vertical as well as 
horizontal polarization. All closed reflection coefficient patterns apply to VH and UH 
frequencies. 6&1 is incident field; &3 is reflected electric field. For all angles 9 = Oto 90° of 
wave incidence &; = —ppj&i since gy, = 180 time degrees. For 0 < 08, we have & = pv&1; 
for 0 > 6p, we have &s = —pv&1; generally &3 = pe??. 


of Fig. 227 hold well for frequencies above 50 Me/sec. Table 47 gives 
the computations for a relative dielectric constant of x, = 80, which 
holds only when the frequency is very high (above 20,000 Mc/sec), since 
if we take o = 4 mhos/m, we should have, at 100 Mc/sec, a value of ¢ 
equal to 1.8 X 104 K 44009 = 720 as against x, = 80, which shows that 
the conductivity effect is mostly responsible for the reflections. Even 
for 1,000 Mc/sec, we have still a value g = 72 as against 80; while for 
frequencies equal to 10,000 Mc/sec, we have only 7.2 against 80. This 
would yield a magnitude for the relative equivalent dielectric constant 
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Tass 46. CoMPUTATIONS FOR THE REFLECTION COEFFICIENTS FOR Dry Soin AND 


x, = 10 

6, Ome TS peng 10 cos 6/10 cosé 3 cos 6 | cos 6 
deg V10 — sin? 9 i | ee ; SOT teat a 

0; 10 3.16 1.000) 6.84 |13.16 | 0.52 |—2.16 | 4.16 |—0.52 
10 9.971 3.158 |0.985) 6.69 13.01 0.51 |—2.17 | 4.143) —0.525 
20 9.884 3.14 0.939] 6.25 |12.53 | 0.5 |—2.201) 4.079)—0.54 
30 9.75 3.12 0.867] 5.55 |11.79 | 0.47 |—2.26 | 3.987|—0.57 
40 9.588 3.09 0.766} 4.57 {10.75 | 0.43 |—2.32 | 3.856) —0.6 
50 9.417 3.07 0.643) 3.36 | 9.5 0.354) —2.43 | 3.713) —0.653 
60 9). 24 3.04 0.5 1.96 | 8.04 | 0.244|—-2.54 | 3.54 |—0.72 
70 9.12 3.02 0.342} 0.4 | 6.44] 0.064)—2.68 | 3.36 |—0.795 
80 9.03 3.005 |0.174|—1.265) 4.745|—0.27 |—2.83 | 3.18 |—0.89 
90 9 3.000 {0.000} —3.000) 3.000) —1.000| —3.00 | 3.000) —1.000 


Remarks: Holds at VHF’s and UHE’s for dry soil and xy = 10. Uses (871). Figure 227 shows 
these coefficients. p» = 0 and gy = —90 deg for 68 = 72.5 deg; aK «yr = 10 = 2. 


Tapie 47. REFLECTION COEFFICIENTS FoR OcHAN SuRFACE ABOVE 20,000 Mc/sxc 


6, 80 — sin2@ m= Anca) 80 | 80 cos @ |80 cos @ ras cos 6 cos 6 ee 
deg 4/80 — sin? 6 cos @| ~—m™ +m —m +m 

0 80 8.95 1.000 | 80 71.05 | 88.95 0.8 —7.95 | 9.95 —0.8 
10 79.971 8.945 0.985 | 79 70.055) 87.94 0.79 | —7.96 | 9.93 —0.803 
20 79.884 8.94 0.939 | 75 66.06 | 83.94 0.785} —8.001} 9.879 | —0.808 
30 79.75 8.935 0.867 | 69.2] 60.265) 78.13 0.77 |. —8.068} 9.802 | —0.82 
40 79.588 8.93 0.766 | 61.2) 52.27 | 70.138 0.745| —8.164| 9.696 | —0.84 
50 79.417 8.925 0.6428] 51.5) 42.575) 60.425 0.705} —8.28 | 9.57 —0.867 
60 79.24 8.915 0.5 40 31.085|) 48.915 0.64 | —8.41 | 9.415 | —0.895 
70 79.12 8.91 0.342 | 27.4) 18.49 | 36.31 0.51 | —8.57 | 9.252 | —0.925 
80 79.03 8.905 0.174 | 13.9 4.995] 22.805 0.217) = 8.731) 9079) | — 0596 
90 79 8.9 0.000 ‘OF0)) —8.9 8.9 —1.000) —8.9 8.9 —1.000 


Remarks: We have q< xr, xr = 80. Formula (871) is used and the coefficients of reflections are 
plotted in Fig. 227. Total refraction occurs for vertical polarization, at 83.6 deg of incidence with the 


normal to the ocean surface. We have then p» = 0 and g» = —90 time degrees, 
of x, = 1/7.2? + 802 = 80.5, instead of 80, which is quite close. The 
phase is — tan! (7.2/80) = — tan—! (0.09) = —5.1deg. Therefore, we 


can assume as a rough approximation that the ocean above 10,000 Mc/sec 
behaves like a dielectric. But if, for a very conservative approximation, 
we use a magnitude of g that is 2 per cent of the value of «x, = 80, we 
have q/x,"= 0.02, ¢ = 80 X.0.02 = 1.6 = 7.2 x 104/f, andf = 7.2 X 10*/1.5 
= 45,000 Mc/sec. This approximation is altogether too conservative, 
since we are not interested in the refracted field energy and its behavior 
in the dissipative ocean medium but in the reflection coefficient. We 
are concerned only with what happens at the surface of medium separa- 
tion. We choose, therefore, frequencies of 20,000 Mc/sec and higher 
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as the criterion for quasi-dielectric behavior of the ocean. This means 
that we have to use a free-space wavelength in air of 1.5 em or shorter, 
which is 0.59 in. or less for the free-space wavelength. Therefore, for 
frequencies of 20,000 Mc/sec and higher, we can assume q <x,. The 
absorption coefficient of the ocean then becomes independent of the fre- 
quency, directly proportional to the conductivity o, and inversely pro- 
portional to +/x,. But for frequencies below 100 Mc/sec, the absorption 
attenuation of the ocean water is inversely proportional to +/f, inde- 
pendent of the dielectric constant, and directly proportional to +/c. 
This is then a condition for which x,<g. Figure 227 gives the curves 
for the respective reflection coefficients if f = 20,000 Mc/sec, in com- 
parison with UHF wave propagation over dry and wet ground. It is 
noted that the Brewster angle becomes more and more grazing as the 
dielectric constant increases and that vertical and horizontal reflection 
coefficients p, and p,, respectively, have the same magnitude for normal 
incidence but with respective phase angles of 0 and —180 deg. The 
magnitude of p increases if the relative dielectric constant increases, where 
the relative index of refraction is n = ~/x,, since these curves refer to a 
quasi-dielectric behavior of the ground. If we compute, for instance, 
for perpendicular incidence (p, = —p,) for dry rock, we find, for ¢ = 
10-> mho/m and x, = 4.7, the values g = 1.8 X 104 X 10-5/f, where f is 
in megacycles per second, making again g K x, at VHF’s and UHF’s, and 
we have, according to formula (871), 


Kr COS (6) = =N/ (asin cos 0 — +/x, — sin? 6 
Poo Ph = = = ae 
kK, COS 0 + +/xk, — sin? 6 cos 6 + ~/x, — sin? 6 


for 6 = O deg, since 


Kp — S/o 4.0 — 2.16 2.54 
=p = == = = 0.367 
ky pT 1 2:16 . 6.86 


 _ 1 Nie 2.16 1.16 
nu” 7 Se 21600 3x16 


I 


— 0.367 


Therefore, for vertical polarization, the reflected electric field &3 as well 
as the associated reflected magnetic field H3 are only 36.7 per cent of the 
corresponding incident fields and in phase with these fields. However, 
antiphase condition exists for horizontally polarized waves. Therefore, 


&3; = 0.3678, for vertical polarization 
&; = —0.3678, for horizontal polarization 
H; = 0.367H, for vertical polarization 
H; = —0.867H, for horizontal polarization 
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For vertical polarization, no p, value exists for an angle of incidence 03 = 65.2 
deg. This angle is now steeper than for the cases of Fig. 227. Several 
authors define the reflection coefficient as the ratio of the reflected wave 
energy to the incident wave energy, 7.e., as the ratios (63/&1)? = (H3/H1)?. 
In radio engineering, the definition of this text has become practice, and 
= §3/81 = A3/H 4. 

If we assume a salinity of the ocean such that o = 5 mhos/m, we 
have at 100 Mc/sec a value of g = 1.8 X 10* X 5400 = 900 and twice this 
value for 50 Mc/sec in comparison with x, = 80. The Brewster angle 
is, then, according to (870), found for the condition «<q and 0; = 
cos7! (1/+/q) = cos} (1/+/900) = cos! (1/30) = 88.101 deg for 100 
Me/sec and cos™! (1/+/1,800) = cos! (1/42.5) = 88.7 deg for 50 
Mce/sec. Hence, the angle’ for no vertically polarized reflection is 
almost 90 deg, 7.e., essentially a grazing angle with the ocean surface. 
For frequencies below 100 Mc/sec, we have then essentially only the 
term —jqginn = / kr — jg, and 


nse Jah = V3 Va =~ Via 


This is again a complex index of refraction for 


a= Ne = 100 yoo (5) 


where o is in mhos per meter and f in megacycles per second. Since 
the magnitude of the real as well as of the imaginary term is equal to 
100 +/0.96(c/f), the index of refraction n must have a phase angle y of 
45 deg, because y = tan“! (—a/a) = —45 deg. This phase angle is 
fixed for all frequencies below 100 Mc/sec in the case of ocean. The 
magnitude of n is then, sincen = a — ja = v/a? + ae = 1.41ae%* 
equal to 1.41a = 1.41 X 100 +/0.9(c/f) = 184 V/o/f = 18.4 Vo for 
f = 100 Me/sec. Therefore, for a salinity giving ¢ = 5 mhos/m, we 
find at 100 Mc/sec for the reflecting ocean surface 


n = 13.4 >/5 «48 = 2.24 X 13.4644" = 30-748° ; 
= 30 cos 45° — 730 sin 45° = 21.2 — 721.2 


1 Customary trigonometric handbook tables do not always go to such small 
values as 0.0333. It is then convenient to express the angle by its complementary 
value 90° — 0g, for which cos 6g = sin (90° — 63) & 1.57 — 6z, where 6z is in radians. 
But 1 radian is 57.3 deg, and 0.0333 radian are 0.0333 X 57.8 = 1.8909 deg, render- 
ing 63 = 90 — 1.8909 = 88.109 deg. 
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For a salinity yielding c = 4 mhos/m, we have, for the ocean at 100 
Me/sec, 


= 13.4 /4 4" = 26.8 X 0.7071 — j26.8 X 0.7071 = 18.98 — j18.98 


At 50 Mc/sec, we have only one-quarter of these complex values, namely, 
6.7«4 for o = 4 mhos/m and 7.5%” for ¢ = 5 mhos/m. 

152. Magnitude of the Generalized Index of Refraction of a Medium. 
The general index of refraction of a medium pw = py = 1.257 X 10-6 
henry/m, « farads per meter, and o mhos per meter is, for the relative 
numeric dielectric constant x, = x/ko = 10!2(«/8.854), given by 


a pce 7 = VeteeosytiVWe+tesiny 
(872) 
g = 1.8 X 1047. y= htm (2) 


This is the relative index of refraction n of the medium referred to empty 
space, since 


nate “sve JE- qe ee 


Vike — JG 


ell 


ll 
ae 
q 

| 

Qs, 
7 


It is also the relative index of refraction referred to air if we ignore the 
conditions of the gradient of the relative index of refraction in portions 
' of the troposphere, especially next to ground, due to water vapor and 
temperature effect. We have already found that for land, we have the 
average value of x, = 15 while for lakes and ocean water, it is about 80. 
For a perfect conductor, the value of q is infinite; and for a perfect dielec- 
tric (a perfect insulator), g=0. The ratio v = q/x, is, therefore, a 
means of predicting to what extent we deal with a complex medium. 
For v = 1, 7.e., ¢ = x, we have y = —22.5 deg, and the magnitude of 
n becomes 


jn] = Vib Fi? = W/22 = 1.19 Ve 


or 
(mhos/m) 
In| = W/2g? = 1.19 V/q = 1.19 X 102 +/1.8 i= 160. a 
=cos 22.5° = — sin 22.5° 
n = 160 cos (— 22.5°) 7 + j160 sin (— 28) 4) 


fl 


160 X 0.9239 AP — 7160 X 0.3827 Ae = (147.6 — j61.6) NE 
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In formulas (872), we note that the angle y refers always to negative numerical 
angles. The reason for this is that for a dielectric wave medium with medium dis- 
sipation due to a conductivity o, we have an equivalent dielectric constant x. = 
x — j(¢/w) farads per meter. This constant is for an isotropic medium in effect such 
that it refers to 1 cu m of the general medium just as doesc. We know that o denotes 
the conductivity in mhos across two parallel square-meter faces that are 1 m apart. 
These are then the opposite end faces of the cubic meter. In the same way, the 
actual dielectric constant « refers to the capacitance in farads across the above- 
mentioned square-meter faces, since the faces are 1 m apart. This means that the 
general medium is, in effect, a ‘“‘leaky”’ condenser, since it may be imagined as made up 
of infinitesimal cubical elements. If we add up all these differential cubes until 
they form 1 cu m of the general medium, we have across the above-mentioned opposite 
square-meter faces of the cube an equivalent capacitance of x. farads, since it is 1 m 
across the faces. Now when we have a leaky condenser, it must have an Amperian 
conduction current and a Maxwellian displacement current. This is exactly the 
case, and formula (1) on page 11 applies. It is the curl H relation, where J is the 
current in amperes across 1 sq m, since we deal with 1-cu-m medium in the place 
of differential cubical elements. But J =o& amperes per square meter. The term 
8(x&) /dt in formula (1) is the Maxwellian displacement current, which for a harmonic 
field & = Soe?t is equal to jwxS amperes displacement current. We have then for 
our cubie meter a total current of o& + jox& amperes flowing through the square- 
meter face at which the field & acts. Since we have a dissipative medium, there must 
be a smaller g value after the electromagnetic wave has traveled through 1 m distance. 
Nevertheless, when we think in terms of a leaky cubical condenser across which we 
have a voltage of E volts, which is & volts per meter times 1 m, the applied voltage 
will supply the watt current & amperes and the wattless current jwx6 amperes. This 
is then equivalent to jwxe& amperes = [jax — Jaj(o/w)|& = (jox +0)& amperes. 
This is in agreement with the curl H relation of (1). The relation x. = « — j(o/w) 
farads per meter, for a dielectric wave medium with dissipation, can have, in effect, 
three distinct forms. One form is as it stands and represents a leaky dielectric; the ~ 
other form is the limit for which the ratio » = q/x, is very large and x. = —j(¢/w). 
For the third form, we have reached the limit from which one » is very small and 
ke «x. It is only the third form that can ever yield a real value for the relative 
index of refraction, since the second form, according to Sec. 151, also gives a complex 
index n of refraction, as does the form where neither g nor «x, can be neglected with 
respect to the magnitude of x, and q, respectively. 


Table 48 gives the absolute value and the corresponding phase angle 
for different values of v = q/«,. Figure 228 is a plot of the computed 
results. From these curves as well as Table 48, it is possible to compute, 
for a relative dielectric constant x, = 15 and 80, respectively, the con- 
ductivity for a given frequency f in megacycles per second. Since these 
x, values hold for average ground and ocean, as well as lakes, the curves 
of Fig. 228 should prove useful. The application is then as follows: 
Suppose we have ocean, with a valueo = 5 mhos/m, and we want to oper- 
ate a 1,000-Mc wave over ocean. We have then gq = 1.8 X 104 5/1,000 
= 90, » = q/x, = 9% = 1.125. We find then, for the v value on the 
curves, the magnitude n and the phase angle y and compute the complex 
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Taste 48. Maenitupr or tar InpEx n oF REFRACTION AND Its PHasE FOR A 
Diniectric Mrpium wits Dissipation 


qd = vk, Magnitude n = V/ e+ @ 
acy Ratio v =f ke = 15 for | x = 80for | « = 15 for | « = 80 for 

average average average average 

ground ocean ground ocean 
—0.0 0.0000 0.0000 3.87 8.94 
=s 0.54 2.79 3.87 ~ 8.94 
—2 1.05 5.59 3.87 8.94 
=3 1.58 8.8 3.87 | “)g 04 
—4 Fh, I 11.25 ByefeV/ 8.94 
—5 2.64 14.1 3.9 9.0 
—8 4.3 23 3.95 9.11 
—11 6.05 S2n0 4.02 9.27 
—14 8 42.9 4.12 9.5 
—17 LOR 54 4.25 9.84 
—20 12.6 67 4.44 10.2 
—22.5 15 80 4.6 10.64 
—26 19.2 102 4.94 11.38 
—29 24 128 5.038 12.28 
—32 30.6 164 5.85 13.5 
—35 41.2 220 6.61 15.3 
—38 60.2 321 7.87 18.14 
—Al 106.5 570 10.38 24.04 
—41.5 12275) 652 11.09 25.69 
—42 1438 760 11.99 Pig ff 
—42.5 172 915 13.14 30.35 
—43 215 1144 14.68 3a58) 
—43.5 286 1530 16.91 tooo 
—44 430 2290 20.74 > 47.6 
—44.5 860 4600 29.32 dll | 67.8 
Ns 00 oe) ey & 00 
Remarks: Results are plotted in Fig. 228. n =+/k;. @ = 1.8 X 104(¢/f), where isin mhos/m and 


f in Me/sec. According to (872), n = Vy kr? + @? AR y = — ¥% tan! (@/kr), Kr 


where x is in farads/m, A phase angle y = —45 deg indicates that for an infinite conductivity, n 


@ applies (practically large conductivity) 


ne ei a- a\ 


= (x/8.854) 1012, 


For practical conditions g > «r, we have the approximation n = ~/g¢/2 —j Vq/2 = a/q <it8°; 
a@< Kr yields n V ker. From 0.0 to —4°, we have n & iit From —43.5 to —45°, we have 


n=V4q 
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value of n according to (872), similar to the numerical example that fol- 
lows this formula. 

153. Magnitude and Phase of the Complex Coefficient of Reflection 
for Vertical and Horizontal Polarization. According to (871), the coeffi- 


10 


60+ Magnitude /n/= ik 24g2 


Ay 3 lmbhos/rm) 
qu F(Mc/sec) 
50 
45 
40 40 
{ 
n 
30 30 t 
1p? 
20 20 
10} 10 
0 0 
607A scale 
4 6>B scale 
= Kp 


Fra. 228. Index of refraction curves for different earth crusts and phase angles. (ky = 15 
refers to average ground; x, = 80 refers to ocean and lakes.) 


cient of reflection is, for vertical and horizontal polarization, 

a. WRC Pie! to, c _ 0080 m ig | 
po Pe nw cosb+m ” Pp &h ™ cos 6 + m (8738) 
m = </n? — sin? 6 = ~/n? + cos? 6 — 1 | 


where n is the complex relative index of refraction of the general medium 
against which an electromagnetic wave is incident under an angle @ 
with the normal to the medium. ‘Table 48 as well as the curves of Fig. 
228 give a means of computing quickly the value of n, which is generally 
complex. Suppose we take the case of wave propagation over ocean 
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78.5 


(a) 
~/60 
40.78 -—--»6,--->+Real 
-§0.077 


. { Pv a 
+) 0.04487 2 2 -9-.65 
& is reflected field intensity; &; is incident field intensity. 


& = pre??e8; for vertical polarization 
& = pnre??h§; for horizontal polarization 


Fic. 229. Magnitude and phase of the complex reflection coefficient for vertically and hori- 
zontally polarized waves incident on actual earth surface. For @ = 45°, @ is angle of 
wave incidence and angle of wave reflection. 


such that x, = 80 and we have an incidence of 6 = 45 deg. Let us further 
take the condition for which v = 1, i.¢., ¢ = x, = 80 and n? = 80 — 780. 
Table 48 shows that we have then y = —22.5 deg. We have then 
cos @ = cos 45° = 0.7071, cos? 45° = 0.5 


? 


m =~ /n? + cos? 6— 1 = 1/80 — 780 + 0.5 —1 = 779.5 — 780 


The graphical solution is given in Fig. 229a, with the shaded rectangular triangle, 
yielding the vector 10.6¢~/23-365°, Hence 


; Ges : —80 
—  m? = \/79.5? + 80? f¥ = 112. 7€-146.73 since y = tan7! ee = —46.73° 


79.5 


ae 
m = V/112.7 €2 = 10.6c-i9.896" = 10.6 cos 23.365° — 710.6 sin 23.365° 
= 10.6 X 0.9178 — j10.6 X 0.8971 = 9.7 — j4.2 


We find then in respective expressions for the reflection coefficient 


(80 — j80)0.7071 — 0.97 + 74.2 56.5 — j56.5 — 9.7 + 74.2 
~ (80 — j80)0.7071 $0.97 — 742 56.5 — j565 49.7 — 742 
_ 46.8 — 752.3 a — jb 
66.2 — 760.7 c —jd 


Pv 
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_ 0.7071 — 9.7 +f4.2 74.2 — 8.993 je —f 
~ 0.7071 + 9.7 —j4.2 10.41 —j42 g —jh 
_ (a — jb)(e + jd) _ (ac + bd) + jad — be) 


fy ot td + a 
(3,100 + 3,160) + 7(2,840 — 3,460) 6,260 — j620 
= 4,382.44 + 3,684.49 ~~ 8,066.93 
(je —f)g +gh) _ jleg — fh) — (ech + fg) 
Da g2 +h? ay ge +h? 
j(48.7 — 37.6) — (17.64 + 98.2) 76.1 — 110.84 
Dae 108.16 + 17.64 —earrion.S 


py = 0.78 — j0.077 = V/ 0.782 + 0.077? ef%e 


0.077 
= 0.781 / — tan“! | —_— ] = —5.65° 
0.78 / an (22) 


py = 0.781e-45-65° 
pn = j0.0487 — 0.88 = +/0.882 + 0.0487? c/n 


0.0487 3 
= 0. On = = = ().881¢4176.8 
0.881 / 1s tan ( 0.88 ) € 


From these numerical results as well as the corresponding vector diagrams of Fig. 
229b, we note that the respective reflection coefficients have different values and are 
nearly in phase opposition. We have then, for the incident &; and the reflected &, 
electric fields, 

& = 0.781e#5-68g; for vertical polarization 

. ° 4 2 As volts /m 

& = 0.881¢71768§; for horizontal polarization 
That phase opposition almost occurs for horizontal polarization can also be seen from 
the transformation 


pr = 0.04487 — 0.88 = —(0.88 — j0.04487) = — +/0.88? + 0.044872 


with a negative angle tan~! (0.04487 /0.88), since it is of the form a — jb. But the 
vector as a whole has a negative sign, which means antiphase condition, or 180 deg, 
and therefore, 180° — 3.2° with respect to the incident field. The resultant field next 
to the reflection location is then very different for respective polarizations. We find, 
for the real components of the reflected field, 0.7816; cos 5.65° = 0.781 X 0.99528; = 
0.788; for vertical polarization. For horizontal polarization, we have —0.8818; X 
cos 3.2° = —0.881 X 0.9988: = —0.8816&;. 


For the resultant field next to the surface of reflection, we have 


Se = &(1 + 0.78). = 1.788; for vertical polarization 


Se = &(1 — 0.88) = 0.1198; for horizontal polarization vo 


showing clearly that close to the reflecting surface, vertical polarization 
should be used. It is now of interest to find out for which actual condi- 
tions such numerical reflection coefficients exist. This can be readily 
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found from the phase angle y = —22.5 deg of the index of refraction. 
Such a phase angle yields, according to Table 48, a value vy = 1 = g/k,. 
Therefore, g = 1.8 X 104(¢/f) = «, = 80, where «x, applies to ocean. 
But such water has, according to its salinity, a conductivity o ranging 
from 3 to 5.5 mhos/m. Assuming the value of 4 mhos/m, we find 
1.8 X 104 X 4/f = 80 andf = 1.8 X 104 X 449 = 900 Mc/sec. There- 
fore, by means of Table 48 as well as by means of the corresponding 
curves of Fig. 228, we can readily find the reflection coefficients, since 
the ratio »v = qg/x, yields the significant complex n parameter. 


(a) (b) 


uw, k, o for electromagnetic proper-  y, k, ¢ medium constants of ground 
ties of ground 


Fic. 230. Received current in the actual linear antenna A is equal to the current J if no 
ground is present, and current J’ is the image current in linear antenna A’ in the presence of 
ground. A is actual linear antenna; A’ is image linear antenna; A’ is fictitious linear 
antenna for zero path delay; path delay 6 = 26h cos 0; 8 = 27/) radians per unit height 
(= 360/) deg per unit height) ; Gis point of reflection. (a) Horizontal polarization antennas 
and & vectors perpendicular to paper. (6) Vertical polarization antennas and & vectors 
in plane of paper; &:, Hi are incident and &,, H; reflected fields. Current in image antenna 
A’ is I’ = pIci(?eit, Current in fictitious antenna A” is I” = plei?ei* for pel? = 
pve?» for vertical polarization, pe’? = pze?? for horizontal polarization. 


154. Reflection and Time Phase Characteristics of an Electromag- 
netic Ray Reflected from a Plane Surface of the General Medium. Inas- 
much as the index of refraction n is complex, the coefficient of reflection 
must also be complex. This coefficient has then magnitude as well as a 
phase. Vertical and horizontal polarizations are special cases for the 
coefficients p| and p,, according to Table 44, since p, denotes the reflec- 
tion coefficient for a linear-radiator field for which the radiator is normal 
to the surface of reflection. For the radiator parallel with the plane of 
incidence, we have horizontal polarization and deal with the coefficient 
pr. We have also, for normal wave incidence (6 = 0 deg), the relation 
Pp» = 1 = —p,. For horizontal polarization, we have, in Fig. 230a, the 
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shaded antenna triangle AA’A’’, where A represents the point projec- 
tion of the actual antenna on the ZX plane and A’ the point projection 
of the image linear antenna, which is just as far below the surface of the 
plane ground as the actual antenna is above it. The antenna triangle 
AA’A” also includes the angle 6 of incidence. Figure 230 represents 
the comparisons for an arriving down-coming electromagnetic wave in 
the case of a horizontal or of a vertical receiving linear antenna, respec- 
tively, in the presence of actual ground. We have then a direct ray PA 
and an indirect ray PGA, where PG is incident upon the ground, before a 
portion of it proceeds as ray GA to the reception center of the actual 
antenna. Point A” is then such.a location that PA’’ is just as long as 
PA, and the field at both locations A and A” must have the same phase 
as far as the geometric disposition goes. GA” is not a refracted ray in 
this case. The image point A’ cannot have the same phase condition 
as the actual point A, since the distance PA’ is longer than the distance 
PA, where P is the radiation center of a distant source of electromag- 
netic waves. For this reason, we choose the expedient of an antenna 
triangle AA’A”’ so that the geometrical distance PA = PA” < PA’. As 
mentioned, the continuation GA” as well as A’’A’ have nothing to do 
with the refracted ray, since we deal in this section only with a direct 
ray PA and a ground-reflected ray PGA. But we can use fictitious 
reception centers A’ and A” to account for the resultant effect at the 
actual reception center A. Since A” is just as far away from P as is A, 
the received fictitious current at A’’ must have the same time phase delay 
as far as the distance PA”’ is concerned as has the actual current at A 
due to the direct ray PA. Inasmuch as we have drawn the distance 
PA” straight (since the ground continuation GA” is in line with the air 
portion PG), we still have to satisfy what happens at the reflection point 
G. Equation (873) expresses what happens for either type of polariza- 
tion. It is being taken care of by the complex reflection coefficient p, 
where p is either p, or p;, With a corresponding relative phase y. There- 
fore, the fictitious current at A’ is at first of the same relative phase as 
the current at A due to the direct ray but must have, in addition, the 
phase ¢ due to the ground reflection. We have then at A” a fictitious 
current I’’ = pIé ++’), where J is the current in the actual antenna at A 
due to the direct ray. But now the image antenna is not located at A”. 
It is located at A’. This can be accounted for by just adding a phase 
delay due to the additional path A’’A’, since A’’A’ is the path difference 
between the direct ray PA = PA” and the indirect path PG +GA = 
PG +GA’. This path difference is, according to Fig. 230, given by 
AA’ = 2h cos @ with a corresponding time phase delay of 62h cos 6 = 
(4rh cos 0)/X radians. We have then the additional delay 6 and the 
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image current I’ at A’ 


6 


12.56 : cos 6 radians = 720 cos 6 deg (874) 


DT! = ["e® = plete) amp 


where we have p, and 9, for vertically polarized arriving electromagnetic 
waves and p, and gy for horizontally polarized waves. But now the 
image antenna does not exist at all, and we have only the actual antenna 
at A. The resultant received current must then also be at location A, 
yielding the resultant current J + J’ in the actual antenna at A, since 
these currents must be added vectorially. This means that the received 
current is the vector sum of current I due to the direct incident ray and 
current I’ due to the ground-reflected ray. We note that this formula 
also takes into account the height h of the location of the receiving center. 


Now we must distinguish between the reception of vertically polarized waves 
and horizontally polarized waves, for two reasons. First, the magnitudes of p, and 
¢» differ from the corresponding magnitudes of pa and gy, and one angle may be 
positive and the other negative. Second, we have to take into account the unob- 
structed space directivity of the antenna that receives. The space directivity is, of 
course, the same for an antenna whether used as a pickup expedient of electromag- 
netic waves or as a radiator. If we deal with a linear antenna, as would most likely 
be used at UHF’s for vertical and horizontal polarizations, we know that we have a 
simplified space directivity pattern, since we have circular symmetry about a linear 
antenna, leaving only the directivity in any meridian plane of the linear antenna 
as a parameter to be taken care of. We work then mostly with half-wave antennas, 
although any other electrical length can be used. The meridian directivity may or 
may not play a part, depending on the orientation of the antenna with respect to 
ground, which causes reflected field energy. We orient the linear antenna according 
to the polarization of the arriving wave, since a linear antenna is, for the sake of good 
engineering practice, oriented so as to receive the strongest signal. This happens 
if the linear antenna is parallel with the electric vector of the arriving resultant 
field. We do not always have control of the direction of the resultant § field. This 
is especially the case when we receive in an airplane or receive on ground from a 
transmitter on a plane and is also the case if we receive on surface vessels with the 
_ linear receiving antenna waving in almost any orientation under adverse conditions. 
It is then good practice to orient the receiving antenna for the polarization used by 
the radiator. Therefore, vertical antennas will then generally be used for vertically 
polarized transmitted waves and horizontal receiving antennas for horizontally polar- 
ized transmitted waves and parallel with the arriving & vector. It is only for very 
weak arriving fields that we can change the orientation of the receiving antenna; also 
a diversity receiving antenna system may automatically always give optimum 
reception. 


We have, for Fig. 230a, a reception effect J + J’ and, for Fig. 2308, 
an effect (J + J’)Do, where for a half-wave receiving dipole, we have 
Ds = [cos (90° cos @)]/sin 6. This assumes that we use the indicated 
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vertical antenna in Fig. 230b and the horizontal linear antenna of Fig. 
230a such that its length dimension is not only parallel to ground but 
also normal to the XZ plane. This condition is, no doubt, employed 
in practice, since it gives optimum signal-strength pickup. The reason 
why we do not require a directivity factor in Fig. 230a is that the direc- 
tivity around the horizontal receiving antenna is constant and equal to 
maximum directivity (since D = Démax). We can use any other linear 
antenna whose length may differ from 14 but must apply then the 


-—e treq/ 


Fig. 231. Vector addition of actual and image currents for positive values ofa. The time 


factor e/”¢ is understood, and J, J’, and Iz denote the maximum time values; then absolute ~ 


ay of vectors I, I’, and IpareI, I’ = pI andIr = VP + pI? — 2pI* cos (180° — a) 


1 + p? +2pcosa =I V1 + (I’/I)? + 2(1’/D). cos @ amp. 
If 3 J’, and Ip denote the corresponding effective values, this formula likewise applies. 


appropriate D» formula, as explained on pages 529-547. The resultant 
received antenna current at A is then 


( ) 
Te 


I 


Dec*[I + pole] for vertical polarization \ (74a) 


eT + ppledor| for horizontal polarization 


Putting ¢ — 5 = a, where ¢ stands either for ¢, or gn, respectively, we 
generally have a vector addition as in Fig. 231 for the terms in the 
brackets. Whether a has positive or negative values depends upon the 
polarity and magnitude of the phase ¢ of the coefficient p of reflection. 
The magnitudes J, and J), of the received current are, for the respective 
polarizations, 


) 
I, = Del i 1 Lo ere («. _ 720h cos ") 


nN 
I, = Deol if no ground present (unobstructed) 


amp (874b) 
T= Taft + oh + 2m cos (, — 20 2088) | 


mn 
i, = if no ground present 
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where Dz is the unobstructed free-field directivity of a linear radiator 
in any meridian plane of the radiator. The respective ratios J,/J and 
I,/I are then a measure for the effects due to actual ground (which is 
electromagnetically a general medium). We have then 


hs : —— 
iam Do V holding for vertical polarization 


and I;,/I = +/holding for horizontal polarization, where the value under 
the square root is given in (874b). The relative image current I’/I, with 
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Fie. 232. Relative image current and its relativity phase with respect to the actual 
antenna current in absence of the reflecting surface of the earth. 


Relative phase ¢ of image current I' 
with respect to current [—> 


respect to the actual antenna current J, due to the incident direct elec- 
tromagnetic field (this is the field without the presence of ground), gives 
a measure for the reflection ability of the ground. Figure 232 shows 
applications of formulas (874a) for three different grounds, which have, 
respectively, the relative equivalent dielectric constants «, = 25 — 719.2, 
= 5 — 71.92, and = 7 — 73. It will be noted that for angles of incidence 
65:, 9,, and 65%, respectively, we have minimum reflection conditions 
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instead of a complete extinction of the reflected indirect ray. The reason 
for this minimum reflected ray is that we have no quasi-dielectric ground 
effects for the given relative values of x, which are instrumental for the 
curves in Fig. 232. We have, therefore, only a pseudo Brewster angle 
effect and, as it were, can speak of a ‘“‘blurred” image effect instead of a 
“sharp” image effect holding for a pure dielectric and causing complete 
transmission of the indirect ray into the ground for the Brewster angle. 
What is significant is that for horizontal polarization, we have essentially 
antiphase reflections as would be the case if the ground behaved elec- 
tromagnetically like a perfect dielectric. We should also have antiphase 
reflections from a ground that would, in effect, behave like a good metal 
reflector, but with a complete field energy return. We also note in Fig. 
232 that for vertical polarization, we have appreciable changes as the 
angle of @ varies. We have first a gradual decrease of I’/J as the angle 
of incidence increases from zero value (incidence perpendicular to ground) 
until for the Brewster angle #2 2 minimum reflection effect occurs. With 
a still further increase of the angle 6 of incidence (beyond the Brewster 
angle), the ratio I’/I increases very rapidly, until at grazing incidence 
with the ground, we have complete (100 per cent) reflection. That this 
must happen for an incidence of 6 = 90 deg is evident, since the entire 
electromagnetic wave energy of the indirect ray PG of Fig. 230, if extended 
to the image point A’, is then a ray PA’ along the surface’of the ground. 
Therefore, the field energy slips tangentially to ground. ‘There is some 
power lost, however, since, owing to the finite conductivity of the ground, 
the arriving electromagnetic field has a slight forward tilt of the electric 
& vector, which resultant arriving vector can be decomposed into a true 
vertical & component and an & component that is tangential to ground 
and supplies the joulean heat losses dissipated in the ground. The 
reason why the curves in Fig. 232 give unity value for the reflection effect 
is that in formulas (874a), we compare only the incident indirect ray 
PG of Fig. 230 with the reflected ray GA. In reality, we generally have 
a direct incident ray (Fig. 230) as well as an indirect incident ray; both 
rays still hold generally for grazing incidence, and only for the normal 
component (normal to ground) the J’// then holds. In other words, 
owing to the forward tilt only the component of & that is normal to ground 
constitutes the p, coefficient, which is used in (874a). The energy extrac- 
tion is, however, very small for short waves so that the forward tilt of 
the resultant & vector of the arriving incident wave for grazing incidence 
cannot be appreciable, and the normal component & with respect to 
ground is essentially equal to the resultant component &. 

The indexes of refraction in Fig. 232 show that we have, for the ratio 
vy = @q/k, where ny = >/25 — 719.2 = +/x, — jq, the ratio 1 = 19.2/25 
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= 0.77; for ne = 1/5 — 71.92, we find v2 = 1.92/5 = 0.384; and forn; = 
Vi — 78, we find v3 = 34 = 0.4286. The magnitude of the index of 
refraction n can be found from n = Wx? + q? and the phase from y = 
4g tan“! (—»), since » = —q/x,, if the polarity is also taken into account. 
We note that with increasing value of the ratio », the minimum of reflec- 
tion, which is the Brewster dip, moves more toward grazing incidence 
with respect to the plane surface of the ground. 
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Fie. 233. Magnitude and phase of the reflection coefficient of the earth crust for an equiva- 
lent relative dielectric constant «x = 25 — j19.2; magnitude is p and phase is gy. For 
n= V/ 252 — 19,22 «—7( tan1 0.77) — 5 Ge—718.8° since yp = — = 0.77 


Polarity of gis with respect to the phase of a perfect ground (p = ©);Brewsterdipd = 0.18. 


Inasmuch as the ground generally acts (depending very much on the 
frequency) as a space condenser with a dissipative dielectric, we deal with 
a capacitive impedance. Some writers refer to the phase ¢ of the reflec- 
tion coefficient p with respect to the phase of a perfectly conducting 
reflector (¢ = ©). ‘The angle ¢ is then the angle by which the reflected 
- electromagnetic wave leads the phase of a perfect reflector. This, com- 
bined with the capacitive impedance concept, results in phase angles ¢, 
which are always negative, so that in Eq. (874a), the phases ¢, as well 
aS gy, come out negative. This is equivalent to saying that we have the 
phase factor e~**-+) for vertically polarized waves and ¢~*+*) for hori- 
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zontally polarized waves. Doing this for an effective relative dielectric 
constant x, = 25 — j19.2, we find the conditions of Fig. 233. The 
curves of Figs. 232 and 233 are quite useful and can be applied to many 
practical cases, since a fixed index n of refraction is basic. It should be 
borne in mind that not only the ratio v = q/x, plays a part but also the 
magnitude of x,. The reason for this is that the actual relative dielectric 
constant x, selects the medium. In Fig. 233, it selects the medium with 
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ocean surface 
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Fig. 234. Reflection curves for vertical polarization over ocean surface. Curves apply 
somewhere in the range of 18 to 30 Me/sec for reflections from the ocean surface, the exact 
frequency depending on the degree of salinity and temperature. Index of refraction: 


n = V80 — j3000 = 54.8e—744-24° = 39.5 — 738.4; n? = 3001-€7788-48° = 3001 — 79. 


a value of x, = 25, which holds, for instance, for wet ground. Hence, a 
curve holding for a certain value of x, applies to many values of the con- 
ductivity o as long as the frequency f is correspondingly chosen. This is 
then based upon the q term, which is equal to 1.8 X 104(¢/f) for o in 
mhos per meter and f in megacycles per second. Since, according to 
(873) and Fig. 233, we have 1.8 X 10*(c/f) = 19.2 = q, the frequency, 
for wet soil with a conductivity o = 10-? mho/m, is found as f = 1.8 X 
104 X 10-?/19.2 = 9.4 Mc/sec. If we take the other limit of ¢ = 10-3 
mho/m, which also holds for wet soil, we find 0.94 Mc/sec. Therefore, 
for the average range from 0.94 to 9.4 Mc/sec, we can expect reflection 
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coefficients as given in Fig. 233. This range of frequencies is also covered 
by Fig. 232 for the n; values and the corresponding phase ¢ of the reflec- 
tion coefficient. This frequency range is altogether too low for UHF’s. 
Nevertheless, it brings out that by means of a single curve, we can cover 
quite a wide frequency range of ground conditions. 

There are many other mediums on which electromagnetic reflections 
take place. They are not necessarily ground but may be buildings and 
structures of any kind. We deal with wave obstructions in this chapter, 
and it does not take a large object for short waves to cause reflections 
and a space interference pattern of the electromagnetic field. The 
curves of Figs. 232 and 233 may be of use then for many other purposes. 
Figure 234 gives curves for vertically polarized waves for an equivalent 
relative dielectric constant x, = 80 — j3,000. Since we have x, = 80, 
these curves apply to wave propagation either over ocean or over lakes 
and rivers. For ocean water with ¢ = 5 mhos/m, we have then f= 
1.8 X 10* X 5/3,000 = 30 Me/see. 

155. Useful Concepts for Reflections on a Generalized Medium and 
Significance of the Pseudo Brewster Angle Effect. In previous sections, 
we learned that for the general medium, the equivalent relative dielectric 
constant is «, = x, — jg, since not only the relative dielectric constant 
kr = «/ko but also the quadrature term g = 1.8 X 10*(c/f) play a part. 
It is this term which explains the joulean heat dissipation in the general 
medium. It also explains why, for the Brewster angle 63 of wave inci- 
dence, we do not obtain a vertical reflection coefficient p, that is not zero 
but only a pmin value. The Brewster angle dips for the general medium 
are marked as d:, de, and ds, respectively, in Fig. 232. We have then 
Pmin = 0.18 for d; and about a 0.09 value for both the d, and the dz values. 
These are the pseudo Brewster angle vertical reflection coefficients. 
According to Fig. 232, we have for the amplitude of the reflected field 
for the complex relative equivalent dielectric constant K, = 25 — 719.2 
(corresponding to the m1 curves), only 18 per cent of the incident ampli- 
tude for either the & or the associated H vector of the electromagnetic 
field. Inasmuch as the energy transfer is proportional to the square of 
the field intensity, the energy reflection coefficient would be 0.182 = 
0.0324. This means that only 3.24 per cent of the incident field energy 
is reflected for the Brewster angle of incidence. There is much more to 
the significance of this particular polarization angle. We note, for 
instance, from the curves of Fig. 232 that for the respective minimum 
reflection coefficients d:, dz, and d3, we have a phase angle y, = 270 deg. 
If this phase is expressed relative to the case of perfect reflection, it is 
%» = —90 deg. This is shown in Fig. 233 for an equivalent relative 
dielectric constant of value 25 — 719.2. It is also —90 deg in Fig. 234 
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for a relative equivalent dielectric constant 80 — 73,000. This means 
that the Brewster angle amplitude dip occurs at minus 90 time degrees. 


For a pure dielectric medium, we have no joulean heat losses and the Brewster 
angle of dip goes straight to zero value. We have then an abrupt phase jump through 
the —90-deg angle from 0 to —180 deg for the ¢» value of the coefficient py of reflec- 
tion. We have, in a general medium, electromagnetic properties that are similar to 
the properties in customary alternating-current networks. For a-c networks, we 
have an ohmic resistance the reciprocal of which is a conductivity in mhos, The 
conductivity o in mhos per meter is the corresponding characteristic for the general 
medium. In a-c networks, we have the self-inductance in henrys as the second 
characteristic, in order to account for effects of variable magnetic fields. For the 
general medium, the permeability » is the corresponding property in henrys per 
meter. The mutual inductance is only a generalization of the self-inductance. The 
third characteristic in an a-c network is the capacitance in farads, which accounts 
for variable electric field effects. The dielectric constant « in farads per meter is 
the corresponding property for the general medium. We note that for the general 
medium, we deal with gradients, since all three characteristics are in mhos per meter, 
henrys per meter, and farads per meter, respectively. But we must realize that we 
also have to deal with voltage and current gradients, since & is in volts per meter and 
H in amperes per meter. We sometimes use gradients also in a-c networks. It is 
the case, for instance, for transmission lines, where we use capacitance per meter, 
inductance per meter, and resistance per meter. Since o, », and « are fundamental 
electromagnetic properties of space, we must retain at least the » and « properties 
under all conditions; just as in a-c networks, we can imagine that for an ideal net- 
work, we have also only L and C properties, since the conductivity is then infinite 
and there is no effective ohmic resistance. The corresponding case for a medium 
is a perfect dielectric with the vacuum as the very extreme case, for which we have 
uw = po = 1.257 X 10-* henry/m and « = xo = 8.854 X 10°™ farad/m. If we were 
to lose either of these two properties, we could not have an electromagnetic field 
condition, 7.e., a motion of an electromagnetic field, since 1/~/ oxo meters per second 
= 3 X 108 m/sec is the velocity of motion in empty space. The property yo is then 
the never-vanishing value of empty volume accounting for the kinetic energy (inertia 
effect), and the property «o the other never-vanishing value of empty volume account- 
ing for the potential energy. 


Since we have, for the general medium, in effect, a capacitive space 
impedance, we must have, for the Brewster angle of incidence, a minimum 
reflection effect from the surface of such a medium. We already have 
curves (Figs. 232 to 234) for what happens for smaller and larger angles 
of incidence than the Brewster angle 62. We have the formula (870) 
for the pseudo Brewster angle and formula (874b) for the 7, value in the 
case of vertically polarized waves sweeping against a general medium. 
If we plot the reflection coefficient p, as given in Fig. 233 by the py, pr, 
¢», and g, curves, with respect to magnitude and phase, we obtain the 
vector display as given in Fig. 235. These vectors are drawn with respect 
to the phase and magnitude of the reflected field &, equal to the magnitude 
&,; of the incident field in the case of a perfectly conducting reflector (infinite 
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mhos per meter). We have then &, = p&e/? volts per meter and Ys ae 
pH,” amperes per meter, where we have p, and y, for vertically polarized 
waves and p, and gy for horizontally polarized waves. For a perfectly 
conducting reflector, we have then &, = p,& = &, since py = +1 and 
gv = 0 deg. This is the case, since we have, for perfectly reflecting 
ground in Fig. 224, inphase actual and image currents of the same mag- 
nitude. However, for horizontally polarized electromagnetic waves, we 
have, for perfectly conducting ground (a perfect metal reflector), equal 
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Fig. 235. Reflection coefficient p with respect to magnitude and time phase ¢ referred to 
the phase of the reflection coefficient for perfect reflection (metallic reflection comes closest 
toit). (a) and (6) are for wave propagation from air (n & 1) toward a medium 


n = 0/25 — 719.2; 


9 space angles; ¢ = yg, = yg time angles; p = py for vertical polarization = pn for horizontal 
polarization; p is coefficient of reflection. Note: (a) for vertically polarized waves the time 
phase angle y = ¢, time degrees covers 180 time degrees. For the Brewster wave incidence 
6 = 68 = 81 space degrees, we have y = yg» = 90 time degrees and a minimum reflection 
coefficient py = pmin. (b) For horizontally polarized waves the time phase angle @ = gp 
remains for the general medium at which surface wave reflections occur always negative 
and in the vicinity of antiphase condition. (There is no Brewster angle for horizontal 
polarization.) 


antiphase actual and image currents. Hence, & = p,& = —&; volts per 
meter, since p, = —1. This also means that & = & 718°, », = —180 
deg, and «78° = cogs 180° — j sin 180° = —1. Such metallic ground 


action, however, does not exist but may be approximated in effect. 
But it can be used as in Fig. 235 as a reference condition, so that 
we can obtain an idea of how actual ground behaves for all angles of wave 
incidence. Since, for a perfect metallic reflector, we have p = +1, 
depending upon the kinds of polarizations, the vectors of Fig. 235 either 
represent the reflection coefficients with respect to magnitude and phase, 
relative to perfect reflection coefficients, or can be taken as the values 
&, in volts per meter of the reflected electric field if the incident &; value 
is equal to 1 volt/m. We must distinguish between angle of wave inci- 
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dence @ and the relative time angle y. The latter is the relative angle 
of the reflection coefficient p with respect to the ideal values p = +1, 
i.e., with respect to inphase and antiphase complete reflection conditions. 
This is the reason why the reference vector & in Fig. 235 is in phase 
with the incident vector &; and drawn to the right for the case of vertically 
polarized waves. For horizontally polarized waves, it is drawn to the 
left in order to satisfy the condition & = —& = —1 volt/m. Since, 
in Fig. 233, the same reference condition is used, it was only necessary 
to use for a certain angle 6 of incidence the corresponding phase angle ¢ 
of Fig. 233 as well as the corresponding magnitude p and draw in Fig. 
235 the corresponding vector a length equal to p and with respect to the 
negative value of y. Since the Brewster angle is 6, = 81 deg for these 
figures, we have to draw the corresponding vector for g, = —90 deg 
and make it equal to d = 0.18, because p = pmn = d. This gives the 
vector pmin in the upper vector display of Fig. 235. For perpendicular 
incidence, Fig. 233 yields, for 6 = 0 deg, the respective relative phase 
angles ¢ = gn = 10.5 deg and the magnitudes py = px = 0.705. This 
means that for either polarization, we have vectors in Fig. 235 of the 
same length 0.705 but px lags 180 deg behind p, for normal wave incidence. 
This can be readily seen by comparing the respective vectors of Fig. 235 
in the upper and lower vector display for the 6 = 0 condition. Doing 
this for 6 = 65, 70 up to 90 deg, we find the vector displays of Fig. 
235. We note that there is a great difference between vertical and hori- 
zontal polarization. For horizontal polarization (lower vector display), 
the various vectors are all crowded toward the reference vector with 
only a comparatively small relative change in magnitude. But for 
vertical polarization (upper vector display of Fig. 235), the various 
vectors are all over, covering a range of close to 170 deg, and the respective 
magnitudes vary relatively greatly. ‘Therefore, for a relative equivalent 
dielectric constant «, = 25 — j19.2, for which these vector displays hold, 
we have, for horizontally polarized waves, a relative phase delay that 
never exceeds 10.5 deg. This means that we have, in this case, roughly 
antiphase reflected fields with respect to the incident fields from 65 to 
90 deg of wave incidence. We could have taken in all other angles of 
incidence and found this to hold true. We must realize that @ is the 
angle with respect to the normal to ground, and the 65- to 90-deg inci- 
dences are what we are most interested in, because 90 deg means grazing 
wave incidence. For vertical polarization, the relative time lag of p, 
then covers a range from gy = —10.5 to —180 deg. We also obtain an 
idea from Fig. 235 of what we can expect when the polarization is still 
linearly polarized but with vertical and horizontal field components. 
The reflections are then made up of the components p,&«**" and p;,& 7% 
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for the respective angles of incidence. This means that elliptical polariza- 
tion occurs in the reflected field, which is different from the elliptical 
polarization of the incident field for the various angles of incidence, since 
¢» — gm changes and does not vanish. For the Brewster angle of inci- 
dence (6 = 6s), a small amount of the incident vertical polarization 
reflects and the resultant reflected wave is mostly horizontally polarized. 
But if we deal in the upper megacycle range of UHF’s, the relative 
equivalent dielectric constant yields x, = x, — jg &x«;, and the relative 
index of refraction becomes practically real; 7.e.,n & ~+/x,. The resultant 
reflected field at the Brewster angle 6s = tan! (n) is then entirely hori- 
zontally polarized, since the component of the incident vertical polariza- 
tion is completely transmitted (refracted) into the ground. This hap- 
pens, for instance, for wave propagation over mountain lakes with fresh 
water at 100 Mc/sec and higher, since g = 1.8 X 104(¢/f) = 1.8 x 104 
x 5 X 107/100 = 0.9 as against x, = 80. Therefore 0.9 is negligible 
as against the geometrical quadrature component of 80. It also happens 
for dry and wet ground in the UHF range of carrier frequencies. 
Ground is not the only obstacle in electromagnetic wave propagation, 
and it is, therefore, necessary to have available curves that cover almost 
any condition for the ratio »y = q/k, in the relation n = +/x, — jq for the 
complex relative index of refraction of almost any electromagnetic 
obstacle, such as buildings, etc. Table 48 is then of use with curves for 
fixed v ratios as in Fig. 236, where the » ratios of Table 48 are employed. 
Applying these curves to average ground with a conductivity range from 
¢ = 10° to 10-* mho/m yjields, for y = 1, the term g = 15 = 1.8 X 
104(c/f). For the limit of 10-? mho/m, we find f = 1.8 X 104 x 1072/15 
= 12 Me/sec; while for the other limit, we have as low a frequency as 
0.12 Mc/sec. The v = 1 curves, therefore, apply to a frequency band 
of about 0.12 to 12 Mc/sec. For the » = 0.1 curves, we find, for ¢ = 
10~? mho/m a frequency of f = 1.8 X 104 X 10-2/1.5 = 120 Me/sec, 
which brings us into the VHF range of carrier frequencies. We also note 
from Fig. 236 that the Brewster angle 6s of wave incidence moves all 
the more toward 6 = 90 deg the larger the » ratio, z.e., the larger the 
conduction term q with respect to the displacement term x, in the relation 
n= ~V/«k, — jg. Only small ratios » = q/x,(S 0.1) can be of interest 
in UHF work for reflections from average ground. Moreover, for 
v<0.1, the Brewster dip d = p,,,, approaches zero value as v becomes 


smaller. This happens irrespective of the value of x,, since for v = q/k, 
“1, we have n = Vx, Y1 4+ [-\% tan! (v) & ~/x, as far as wave 
reflections are concerned. The values 3.87 — j0.196, 4.27 — j1.77, 
9.1 — 98.2, and 27.6 — j27.1 are used for computing p, and p;, as well as 
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Fic. 236. Reflection coefficients and their phases for various useful values of the electro- 


magnetic index of refraction n = Vk, — jq, if x, = 15 (average ground condition). 
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¢» and g from formula (873).. But for the phase, angles 9, and y, 
(computed by this procedure) are then taken and the vectors drawn 
with respect to the phase for an ideal metallic reflector (¢ = ©), as in 
Fig. 235. The case for v = 100, yielding n = 27.6 — J27.1, is at about 
the beginning limit of the condition »>> 1, for which n = V/ —jq ‘= 
a/q «74, since n = Vl6q —3-V%q and the general medium behaves 
electromagnetically as a good conductor. This must happen then for 
large values of ¢ and for customary conductivities of the earth’s crust at 
lower frequencies, which is beyond the scope of this text. From the 
computations in Fig. 236, we note that the magnitude of the index n of 
refraction increases as the ratio v increases. It is |n| = 38.7 for v = 100 
and 3.87 for » = 0.1, which is the lowest value it can ever reach, since 
n = Vk, = V/15 is this value. However, if the medium causes reflec- 
tions for y <1 such that n = ~/x, (equal to 3.87 in this case), then 
6s = tan~' (n) = tan (3.87) = 75.5 deg, which about confirms the value 
for #2 in Fig. 236 for dy1. Therefore, as far as the reflection coefficient is 
concerned, the ground behaves as a dielectric to reflections (depends also on 
the value of x,, besides the ratio » = g/x;). Taking the case for ocean 
water, we have n = \/x, ~/1 — jv = 8.944 1/1 — jv, for conductivities 
ranging from about 3 to about 5.5 mhos/m. Using o = 4 mhos/m, we 
find g = 1.8 X 10*(4/f) = 7.2(104/f), giving for »v = 0.1 a frequency 
Ff = 7.2(10*/8) = 9,000 Me/see instead of 120 Mc/sec, which holds for 
average ground of x, = 15 and a conductivity of 10-2 mho/m. This 
brings us then to conditions that have been already discussed in connec- 
tion with Fig. 227. 

Since n = \/x, \/1 — jv, we note that the magnitude of v indicates 
to what extent a reflecting obstacle behaves as a dielectric mirror to 
wave reflections. For »<1, we have n& WV kr} while for »> 1, we 
deal, in effect, with a conductive reflector or mirror, causing essentially 
inphase and antiphase reflections with respect to the incident wave for 
vertical and horizontal polarizations, respectively. Since, for the curves 
given in Fig. 237, we have +/x, = 1/15 = 3.87 for average ground and 
1/80 = 8.944 for ocean water, as well as for river and lake water, we 
can find the corresponding values for the index n of refraction of ocean 
for y = 0.1, 1, 10, and 100 by multiplying the values of n of Fig. 228 by 
8.944/3.87 = 2.31. This shows that the reflection coefficients are dif- 
ferent for ocean. Only for the same values of x, and the same ratio p 
for two different mediums can we expect the same reflection coefficients. 
The value of x, is fixed by a medium, while the v ratio can be changed 
by choosing an appropriate frequency for a fixed conductivity o of a 
medium. 
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From the reflection curves in Figs. 226, 227, 232, 233, 234, and 236, 
it can be seen that for actual ground conditions, we generally do not meet 
the condition of a perfect reflector (metallic mirror), for which we have 
py = 1 = —pn, expressing that the reflected intensity is either im phase 
for vertical polarization or in counterphase for horizontal polarization, 
respectively, with regard to the incident field intensity. We have, for 
actual ground conditions, complete (op = +1) reflections for either type 
of polarization if @ = 90 deg, 7.e., grazing wave incidence, which would 
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be expected, since the arriving wave slides tangentially along the surface 
of the general medium and nothing hinders the motion. With respect 
to the phase of the reference reflected field from a perfect reflector (¢ = 

oo), there is a phase lag for both vertical and horizontal polarizations. 

The phase lag in the case of horizontal polarization is rather gradual 
from g, = 0 at @ = 90 deg (grazing wave incidence) to a smaller value 
at @ = 0 deg (perpendicular wave incidence), along a gradual somewhat. 
curved decrease of p,. For most angles of incidence, the reflected wave 
is in antiphase and only somewhat smaller than the incident wave, since, 

even for perpendicular wave incidence, the most extreme case shown in 
the figures still has a reflection coefficient as high as 0.4. 
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156. Remarks on the Reflection Coefficient for Vertical Polarization 
of the General Medium and Curves for the Pseudo Brewster Angle and 
the Brewster Dip. For vertically polarized electromagnetic waves, the 
relative phase g, changes over 180 deg as the angle @ of wave incidence 
varies from perpendicular incidence (@ = 0 deg) to grazing incidence 
(0 = 90 deg). At the same time, the magnitude p, of the reflection 
coefficient changes over wide limits, besides passing through a minimum 
value (Brewster dip) at ¢, = 90 deg. The minimum value of py changes 
from a zero value, if g =0 inn = «/, — jg, to about 0.4, for g much 
larger than «,, and the critical incidence 62 is almost 90 deg (almost 
grazing or tangential incidence to the general medium). This limit 
requires g relatively large. For UHF’s and wave propagation over land, 
the reflected field intensity &, is nearly 180 deg out of phase with the 
incident intensity &; for 6 > 6g and nearly in phase for 6 < 6s. The 
Brewster angle 6s can be computed from formula (870). For g> x, 
we can use the approximation cos 62 = 1/+/q; and for gKk,, the 
approximation tan 6; = +/x, can be used. The curves of Fig. 237 give 
the Brewster angle 6; and the corresponding minimum value for the 
reflection coefficient p, for different values of the relative dielectric con- 
stant x,andg. The range from x, = 5 to x, = 80 covers all earth surface 
conditions from dry land (rocky earth crust) to ocean water. The more a 
medium behaves like a pure dielectric the more the pmin Curves (for vertical 
polarization) approach zero value. Calling 1 per cent, 7.¢., pmm = 0.01, 
practical zero reflection effect, 7.e., total electromagnetic energy transfer 
into the general medium, this will happen for ocean (Fig. 237) for a 
value g = 4, corresponding to a Brewster angle of 03 = 83.5 deg. For 
such a condition also, the approximation tan 0s = n holds. We have 
essentially a real index n of refraction found from n = 1/80 = 8.944. 
This leads then essentially to the curves of Fig. 227 holding for x, = 80. 
We find, for such a condition, a frequency f = 1.8 X 104 x 4/4 = 18,000 
Me/sec, since g = 1.8 X 104c/f = 4. Any still higher frequency will 
render the ocean surface still more a quasi-dielectric mirror. For dry 
earth crust, Fig. 237 shows that the ground acts as a quasi dielectric 
for a value of g = 0.3, since «, has a value of about 5. The value of g 
corresponds then to the Brewster angle 6, = 66 deg, yielding essentially 
a real index n of refraction, found as n = tan 66 deg = 2.25. This 
checks again the relation n = ~/x, = \/5 = 2.25 holding for a perfect 
dielectric medium. For dry land, we have o = 10-4 to 10-5 mho/m. 
Using the average conductivity value of 5 X 107 mho/m, we find the 
frequency limit from which on with increasing value of f we approximate 
a dielectric mirror effect, as f = 1.8 X 10!°X 5X 10-5/0.3 = 3 Me/sec. 
This means that we surely must have a dielectric mirror action for short 
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waves. -It should be realized that the lowest limiting frequency values 
of 3 Mc/sec for rocky dry ground and 18,000 Mc/sec for ocean are very 
conservative, since we took 1 per cent reflection, with respect to the 
incident ray as the criterion. For wet soil, the x, = 25 curve of Fig. 237 
represents the condition giving for pm = 0.01 a value q = 1.1 and a 
Brewster angle 0; = 78.5 deg. We find then the relative index of refrac- 
tion as n = tan 78.5 deg = 5 = ~/x;. Since, for wet soil, we have « = 
10-2 to 10-* mho/m, we find, for the average valueo = 5 X 10% mho/m, 
the lowest frequency, from which on upward we have quasi-dielectric 
behavior of the ground, as f = 1.8 X 104 X 5 X 10°*/1.1 = 82 Mc/sec. 
In exactly the same way, the other saturation limit of the S-shaped pmin 
curves can be evaluated. This limit is the region beyond the upper 
knee or bend, representing larger q values than corresponding k, values. 
We also note that the 6, curves slide into a common curve from about 
q = 100 on and upward. The Brewster angle is, therefore, essentially 
independent of the dielectric constant and caused only by the conduc- 
tivity o and the frequency f. Therefore, for g = 100, irrespective of the 
x, values, we find cos 63 = 1/x/100 = 0.1 and 6s = 84.3 deg. The 
region above g = 100 has then the following characteristics: For dry 
land, for which «, & 5, the corresponding frequency, for ¢ = 5 X10 
mho/m, is found from f = 1.8 X 104 X 5 X 10-*/100 =-0.009 Me/sec, 
since we now use the value g = 100. This result is of no concern in this 
text, since it is in the very low high-frequency range. Applying the 
other extreme curve, holding for x, = 80 (ocean or any other water), 
we find, for ocean with a conductivity of ¢ = 5 mhos/m and q = 100, 
a frequency f = 1.8 X 104 X 5/100 = 900 Me/sec. The phase angle 
of the relative equivalent dielectric constant «, = x, — jg = 80 — 100 
is then tan! (1999) = 51.3 deg, and a decided complex value for the 
relative index of refraction n = +/80 — j100 then exists, since we find 
n = V/802 + 1002 «775-68 = 11.31 (cos 25.65° — J sin 25.65°) = 10.2 
— j4.89/—25.65°. When the «, = 80 curve slides into the x, = 5 curve 
at about g = 5,000, we have the case where the Brewster dip pmin is 
affected only by c andf. The dip is then no longer dependent upon the 
dielectric constant of the general medium. This must then be the case 
where g>>«;. Such large relative values of q with respect to x, of the 
reflecting general medium can occur only for a highly conducting medium. 
It is also approached at very low frequencies for customary ground and 
low high-frequencies for ocean water. We have then n= ~/—jq = 
(1 — j) V%yq yielding again a complex index of refraction, but such 
that this index has a phase lag of 45 deg. Since for ocean, even at — 
100 Me/sec, we have g = 1.8 X 104 X 5/100 = 900, we must have a 
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Brewster angle close to grazing wave incidence with respect to the surface 
of the ocean. 

157. Vertical Field Pattern of a Linear Radiator Standing Normal 
to a Metal Plane. This has reference to practical short-wave radiators 
as shown in Fig. 238a. According to the electrical image theory, we 
have, in effect, the radiating system as in Fig. 238b, since the image 
antenna with equal inphase current also affects the radiation condition 
at the distant field point P. We have then at field point P, owing to 
the current element idz of the actual antenna, the associated field 
contributions 


= GI sin 6; 


aH e™0/™) sin (wt — Bri) dz 
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where the wavelength \ is 300/f and expressed in meters as is the dis- 
tance r; and J isin amperes. We can then use either relation to find the 
total field. We have 
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Po = 


where Ps is the direction pattern in the presence of the metallic backup 
reflector in any meridian plane of the linear radiator, projecting through 
the central hole of the reflector. Theoretically, the reflector should 
extend to infinity. A few wavelengths for the diameter of the circular 
reflector seem, however, to give a satisfactory field pattern, according 
to (875). For short-wave work, the length 7 is about one-quarter of a 
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wavelength long. For / = 14), we find @l = 21\/4 = 7/2 or 90 elec- 
trical degrees and P», = [cos (90° cos 6)]/sin 6, which happens to be 
the same meridian pattern as for a 14) radiator in unobstructed space, 
except that there is no radiation below the metal reference plane. For 
1 = 16), we have Bl = 21\/2\ = 7, and 


cos (180° cos 6) + 1 
sin 0 


Ps = (875a) 


On pages 920-922 in connection with Fig. 253, curves for +/1 — cos 6 and 
+/1 + cos 6 are given for 6 = (720 cos @)h/d, where h is the height of 
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Fig. 238. Linear radiator standing normal on a metallic reflector. 


the mid-point of a linear antenna with respect to a perfectly reflecting 


ground or metal plane. The formula Py = Dy +/2+/1 + cos 6 holds 
for an antenna that is normal to a perfect reflector (metal). Since 
4/1 + cos 6 = 1/2 cos 6/2 and Ds denotes the meridian directivity of 
a linear radiator in absence of the metal reflector, we have, for the mid- 
point of the linear radiator a distance h over the reflector, 


Paei2Detns (s60 : con s) (875b) . 


For a vertical 14) linear radiator just clearing the metal reflector by 
means of a small circular opening in the reflector, as in Fig. 238a, we 
have h = 14) and 
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Bet=2D¢ cos. (90° cos 6). = 2 cos (90° cos 9) cos (90° cos @) 
sin 0 
Since cos a cos a = [cos (a + a) + cos (a — a)] = [cos (2a) + 1], 
we find again (875a). We can, therefore, use either the general formula 
(875b) or, more conveniently, the general formula (875) for finding the 
polar P» meridian pattern, since (875) does not require the knowledge of 
the unobstructed space directivity Ds. In Eq. (875), the quantity J, 
is the current at the current antinode, which, for J = 4y, is equal to 
the feeder current. For] = 0.1, we have Bl = 36 deg, and 


cos (36° cos 6) — 0.809 


Poe = Poa = Span (875c) 
For / = 0.125X, we find 
cos (45° cos 6) — 0.7071 
Pos = me (875d) 
For / = 0.3\, we have 
cos (108° cos 6) + 0.309 
Pos = eT (875e) 
since cos 6l = cos 108° = — sin 18° = —0.309. For | = 0.4, we find 
144° : 
Pee cos ( cos @) + 0.809 (875f) 


sin 6 


From formula (875), we can, therefore, find the vertical polar pattern 
for any length of electrical length Bl, and Table 49 gives the evaluations 
for different radiator lengths / in terms of the operating wavelength X. 
Evaluating the condition for J = 0.64\, we find 61 = 230.4 and 


_ cos (230.4° cos 6) + 0.6374 
. sin 0 


Po.64 (8759) 
with the polar directivities as in Table 49 and Fig. 239. Only half pat- 
terns are shown (6 = 0 to 90 deg), and the space pattern is simply the 
pattern of revolution about the +Z axis. It is noted that the horizontal 
reach along the X Y plane is not always twice the reference value (not always 
the conventional unity). We have, for J = 0.5\, a value equal to 2; 
while for 7 = 0.64\, we have only 1.6374, since, for such a wavelength 
distribution along the linear radiator, we have a portion along the vertical 
radiator for which, at a certain instant, the current flows upward and a 
portion for which the current flows downward. Therefore, we have a 
differential field due to these portions with reinforcements and counter- 
actions, which also produce zero field zones. This is the reason why the, 
Po.6s pattern breaks up into two lobes. These lobes are marked +Po.64 
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Taste 49. Potar Mepripian PaTreRNS 
Equation (875g), 1 = 0.65) Equation (875a), 1 = 0.5d 
6, 2 Pos = 
deg sin 6 | cos 6 ao, a ae be b 
deg sin 6 ; 
sin 6 
0.0 0000}1 .0000) 230.4 0.0000} 0.0000 0.0000 
5 0872/0 .9962| 228.5 | —0.0239| 0.273 
10 |0.1736/0.9848| 226 —0.0573| —0.329 0.0057 
15 |0.2588/0.9659| 222.5 | —0.0999| —0.385 
20 |0.342 |0.9397| 216 —0.1716)—0.503 0.0536 
25 |0.4226/0.9063) 208 —0.2455| —0.582 ta 
30 |0.5 0.866 | 199 —0.3081|—0.616 0.173 
35 |0.5736/0.8192) 188 —0.3529) —0.616 
40 0.766 | 176 —0.3602)—0. 0.4 
45 0.7071} 162.5 | —0.3163)—0. 
50 0.6428] 148 —0.2106) —0. 0.738 
55 0.5736] 182.5 |—0.156 |—0. 
60 0.5 115.2 0.2116 1.156 
65 0.4226] 97 0.5155 
70 0.342 78.7 0.8333 1.57 
75 0. ity +lobe 
80 De ibe 
85 0. ‘i. 
90 0. ays 
— | Equation (875f), Equation (875e) Equation (875d), 
l = 0.4r hk (URS = lL = 0.125 
0.25 
Pg = 
9, Pos Po.3 = Do of = Poies= 
deg Co, c do, e e e 
deg —— | deg —— | free- : — 
sin @ sin space sin @ 
pattern 
0.0 | 144 0.0000 |0.0000]108 | 0.0000) 0.0000) 0.0000) 45 0.0000} 0.000 
10| 142 0.021 {0.121 |106.4| 0.0267) 0.154 | 0.142 | 44.3) 0.0086] 0.05 
20| 135.7 10.0933 10.273 [101.5] 0.1096) 0.321 | 0.28 | 42.4) 0.0314) 0.092 
30| 124.5 |0.2426 10.486 | 93.5) 0.248 | 0.496 | 0.417 | 39 0.07 0.14 
40} 110 0.467 10.725 | 82.5) 0.4395) 0.67 0.556 | 34.5] 0.117 | 0.182 
50) 93 0.804 {1.05 69.4| 0.6608] 0.865 | 0.693 | 29.0} 0.1675} 0.219 
60} 72 iii kee uli: 54 | 0.8968) 1.03 0.816 | 22.5) 0.2168] 0.251 
70| 49.3 |1.4611 |1.56 37 1.1076) 1.18 0.912 | 15.4) 0.257 | 0.274 
80} 25 1.7153 |1.74 18.8] 1.2556) 1.275 | 0.98 7.8) 0.2836} 0.288 
90| 0.0 1.809 [1.809 0.0} 1.309 | 1.309 | 1.000 | 0.0) 0.293 | 0.293 


Remarks: For a length I > 0.5\, we obtain differential field action, for which reason we find, for : 
instance, a negative lobe, marked —Po.ss in Fig. 239, and negative values in this table and positive 


lobes +Po.64. 


We have also ao = 230.4 cos 0; bo 


180 cos 6; co = 144 cos 8; do 


108 cos 0; e0 = 45 X 


cos 6; a = cos (230.4° cos 6) + 0.6374; b = cos (180° cos 4) + 1; ¢ = cos (144° cos 6) + 0.809; d = 
cos (108° cos 6) + 0.309; e = cos (45° cos 4) + 0.707. 
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and —Po.¢s. The radiated power is proportional to the square of the 
field intensity, and the polarity signs of these patterns are, therefore, of 
no consequence. Moreover, it is seen that the horizontal reach is 1.809 
for 1 = 0.4A, 1.309 for 7 = 0.8, 1 for 1 = 0.25X, and 0.293 for 1 = 0.125. 
We find then essentially a circular polar pattern for the latter wavelength 
distribution. For lengths still shorter in terms of the wavelength, the 
diameter of the circular pattern can be computed from d = 1 — cos Gl, 
which yields, for 7 = 0.1\ and 61 = 36 electrical degrees, a diameter 
d = 1 — cos 36 deg = 1 — 0.809 = 0.191. It is seen, therefore, that 
for wavelength distributions along the radiator length J, which does not 
exceed 0.5\, we have only one lobe, and we have, by a suitable choice of 
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Fig. 239. Half meridian pattern of linear radiators standing perpendicular on a quasi- 
perfect reflector (metal reflector). 

the distribution, a means of diverting some of the high-angle field energy 
with respect to the plane of the reflector toward the plane of the reflector. 
We have, then, for short waves, a ready means of actually meeting the 
conditions of a metallic reference reflector and with dimensions that are 
practical. 

158. Relations for the Ray Theory of Wave Reception over Actual 
Ground. Discussing first the most complicated case for vertical polari- 
zation, for a plane ground, we have a path triangle TGR in Fig. 240. 
The space point 7’ is the radiation center of a linear vertical radiator, and 
the space point # is the reception center. For an outward-moving elec- 
tromagnetic wave initiated at T, we have, in any direction ro, for the 
tropospheric refractive index n, the free-space field intensity 


A "9 
fo = ade EN volts/m 
8 


where & denotes the reference field intensity in the equatorial plane of the 
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vertical radiator at a distance of 1 m. This field & is then due to the 
only radiation field that can ever reach the distant radiation region. 
For this reason, we can also apply the inverse distance law even at 1m 
distance from the radiator. By free field intensity is meant the field of 
the direct ray that passes, for instance, from point T to point R along the 
path TR = 17. There is also a free-space field intensity arriving at R 
along the indirect path TGR. If it were not for the behavior of the 
ground, this indirect free-space field intensity would only be diminished 
owing to the inverse distance effect, where the distance is now TG + GR 
=r. This would also cause, with respect to the direct ray due to the 
path difference ro — r, a phase delay that is B(ro — r) electrical degrees. 
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Fig. 240. Path triangle TGR for flat earth. @ angle of wave incidence with respect to 
ground; 60 vertical bearing on receiver antenna R;ro = d/(cos 00);7 = d/(sin @); 

tan (90° — 0) = (Ai + he) /d; tan 00 = (hi — he) /d. 

TR =1 = Vai —-h)? +a. TG +GR =r = TR = Va + ha)? +d%. d, ha, he, 7, 
and ro are in meters. 


In addition, we have to realize that at the reflection point G, a reflected 
wave is caused, which is generally smaller than the incident wave at G 
and has a relative phase with respect to the incident wave. This means 
that the field &; at R, due to the indirect wave, is different in magnitude 
and phase from the direct arriving &) wave, the phase difference being 
due to the path difference r — ro and the phase ¢, of the reflection coeffi- 
cient p», due to the reflection at G. We also note that respective field 
vectors & and &; are no longer vertical, so that it takes a resolution of this 
field along the vertical pickup antenna at R besides. For negligible 
atmospheric refraction, the index of refraction n in the above expression 
for the direct wave becomes unity. The quantity D» denotes the 
meridian directivity of the radiator. It is [cos (90° cos @)|/sin @ for a 
vertical half-wave radiator. For the distances r and 7 in meters and f 
in megacycles per second, the phase delay due to the path difference is 
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6 = 1.2(ro — r)f degrees and the field intensity of the indirect ray at R is 
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The field intensity of the direct ray at R is 


_ D (90-00) 5 
To 


bo = 0(¢— pg) = ot — ar 


since the directivities for the direct ray are with respect to angle 90° — 4 
and for the indirect ray with respect to angle 6. In each case, the angle 
is referred to the direction of the vertical radiator at T. These relations 
then take all the above-mentioned conditions into account. Inasmuch 
as for vertically polarized waves the receiving antenna is usually also 
normal to ground, it is only the projections & cos 6) and &; sin 6 tan- 
gential to the linear receiving antenna that will cause an induced current 
in the pickup antenna at R. The total vertical field & that will affect 
the receiving antenna at FR is then 


&o io volts/m 


! D (90°) COS Oo. Do& sin 6 . 
El"/™ = §) cos 6) + & sin 6 = — V0 4+ p, —— = giv 
0 ifs 
direct wave indirect wave 


Fi Rar) 


[D (90°-a)€"¥" Cos? 8) + p»Dee¥ sin? 6] (876) 


since 79 = d/(cos 4) and r = d/(sin @) in terms of the horizontal separa- 
tion of transmitter and receiver antennas. Putting 


= Dew cos? 5 =a and = peDo sin? @ = b 


and realizing that in & = ae” + bei’, we deal with a geometric addition 
of respective vectors A = ae and B = be” and have the geometry of 
Fig. 241. The same result can be obtained by realizing that only the 
phase difference y — y in the value under the bracket is of concern, 
and not the phase y’ of the resultant, since only the magnitude of &, 
plays a part. Hence, by multiplying the left and right sides of (876) 
by 7, we find 
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Seo = a [D (90°) COS? Oo + prDoe—* sin? 6] 


we 


d [D (90°00) cos? 65 + PyD ge? OF») sin? 6] volts/m (876a) 
5 oe see = “ (ro — 7) = 1.2(ro — rf J 


This expression holds for any distance over plane ground, since it takes 
into consideration the angle @ of ground incidence as well as the angle 
6) for different antenna heights. If the distance is in the line of sight, 
for curved ground, we have to multiply p, by a factor C as we shall 
learn later. These general relations play a part in airplane-to-airplane 


¢#imaginary 


Atb=ceeE, 


t+real 
Fie. 241. Geometrical addition of vectors A = ae¥oand B = be?¥. 


c= V/ a? + b2 — 2ab cos [180° — (YW — ¥o)] = Va? + b? + 2ab cos (pW — Yo) 
= (8/d) Vc? + d? + 2cd cos (W — yo), 


for c = D 9026) cos? 80; d = prDe sin? 0. 


and airplane-to-ground-station communication, where 0) and @ have to 
be taken into account, since the horizontal separation d may be of the 
order of the vertical separation h: — hy. Since the factor e~, on the 
left side of (876a), represents only the time phase of the total vertical 
field at R, the factor & is the maximum value. We have then, for the 
effective values &2 = &/+/2 and & = &/+/2, the relation 


&e j 
gvatte/m) — Fi Dias COS? Oo + p,Dgeil!-2-m0) 4+: gin? 6} (876b) 


for the reference effective field & volts per meter anywhere at a meter’s 
distance from the radiator in its equatorial plane, and 7, ro, and d are in 
meters and f in megacycles per second. 


As mentioned, &, is the reference effective field at 1 m distance in the equatorial 
plane. It is due only to the radiation portion of the field at this distance and has 
nothing to do with the induction field, which is wattless. Nevertheless, for short 
waves, there are many cases where we have only a radiation field at 1 m distance 
from the radiator. For instance at 1,000 Mc/sec, we have a free-space wavelength 
of 300/1,000 = 0.3 m, and 1 m from the radiator is in the radiation field. We have 
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to bear in mind, however, that the radiation formulas show that we have higher power 
inverse distance terms in addition to the 1/r term. Therefore, at 1 m distance, we 
could not confirm the reference value by a measurement, since the reference value is 
only a reference information and is based on the distant radiation field, where only the 
1/r law essentially plays a part. We have, for a half-wave radiator at 1 mile’s dis- 
tance from the radiator and in the equatorial plane for a radiated power of 1 kw, an 
electric field of 0.1376 volt/m; while for the same radiated power for a quarter-wave 
radiator normal to a metal reference plane (backup plane), we have a field of 0.0973 
volt/m. These are then free-space field values, and the quarter-wave linear radiator 
would be the case of Fig. 239 with the length 1 = \/4. We can refer the above- 
mentioned theoretical free-space values (with no space dissipation, except the field 
amplitude decay due to wave spread) also to the reference distance of 1 m, since 1 
mile = 1,609 m and the electric field is proportional to /P /d, where d is the dis- 
tance in meters and P the radiated power in watts. For 1-kw radiation from a half- 
wave radiator, we have, at 1 meter’s distance in the equatorial plane, 1,609 * 0.1376 
= 222 volts/m. If the radiated power is only 10 watts instead of 1,000 watts, we 


have only 222/+/1,000/10 = 22.2 volts/m at 1 m distance. 


The application of formula (876d) is not difficult. Suppose we have 
a ground with an index of refraction of n = 39.5 — j38.4, yielding ver- 
tical coefficients p, of reflection and phases ¢, as in Fig. 234. We find 
then, for an incidence of 6 = 85 deg from the p, and ¢» curves of this 
figure, the values p, = 0.49 and ¢v = —122 deg; while for the Brewster 
angle @; = 80.25 deg, we have a Brewster dip of pman = 0.4 and o, = 
— 90 deg, where the phase angles are relative with respect to the reflected 
field from a perfect metallic mirror. The time phase of —90 deg for the 
Brewster wave incidence then corresponds to ¢v = —90 deg, which is 
relative to the phase of the incident field to the medium of interest. 
Hence, —122 deg must also be the correct angle in (876b). This case 
refers to an equivalent relative dielectric constant x, = 80 — 73,000. 
We have then 3,000 = 1.8 X 104c/ f, and the real part of 80 tells us that 
we deal with water, as, for instance, ocean, as a medium. For ¢ = 
5 mhos/m, we then find a frequency f = 1.8 X 104 x 5/3,000 = 30 
Mc/sec. 


Before proceeding, we have to obtain a mental picture of what is meant by prac- 
tical plane ground. Even for a smooth surface of the earth, the surface is roughly 
a portion of a sphere. A portion of a spherical surface can be made to coincide with 
a portion around the apex of a paraboloid. A portion along the path of a parabola 
ean, therefore, be made to coincide with the path along a circle. Assuming, there- 
fore, that the earth surface is about parabolic, at least for distances of about 100 
miles, a path of 1 mile will have dropped at the end of 1 mile about 1 ft below the 
tangent through the starting point of the mile. At the end of 2 miles distance, the 
path has then curved down 4 ft; and at the end of 10 miles, the path along smooth 
ground would have dropped 10? = 100 ft. This means that for 10 miles over smooth 
ground, a 101-ft tower could be seen only through field glasses as far as 1 ft length of 
the top of the tower is concerned. Even though a 100-ft drop in 10 x 5,280 = 
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52,800 ft is only 4428 of the distance, or 0.18 per cent, it makes a vertical height of 
100 ft completely disappear. Therefore, if one antenna height is 100 ft or less, it 
would not be correct to apply flat-ground geometry to line-of-sight propagation unless 
atmospheric refraction and, for some conditions, diffraction is taken into account. 


For the reflection condition depicted in Fig. 234 for a 30-Me wave 
over ocean surface corresponding to a free-space wavelength of 10 m 
in air, we have many wavelengths for a separation of d = 5,000 m along 
respective paths rp and r in Fig. 240, since we should have 500 wavelengths 
for the horizontal separation of transmitter and receiver locations. 
This places the vertical pickup antenna at R well into the pure radiation 
field of the radiator that is located at 7. We then find tan (90° — @) = 
(hi + he)/d; and for an angle of ground incidence @ = 85 deg, tan 5° 
= 0.0875, and hi + hy = 0.0875d. Hence, hi + he = 0.0875 X 5,000 = 
437.5 m for a horizontal separation of 5km. But we have also tan 0) = 
(hi — he)/d, which, for a condition of hi — h, = 200 m, yields 4) = 
tan-! (200/5,000) = 2.3 deg. Therefore, hi = 318.75 m and hy = hi — 
200 = 118.75 m. Both vertical antennas are then well within the line 
of sight, because a horizontal separation of d = 5,000 m corresponds to 
5,000 X 6.214 X 10-4 = 3.11 miles, which would give a vertical drop of 
3.112 = 9.7 ft, owing to a parabolic earth curvature. Hence, even the 
lowest center of the respective vertical antennas at T and R, respectively, 
is well above this value. This is true, since the lowest central height 
ho = 118.75 m = 118.75 X 3.281 = 390 ft. For a half-wave radiator 
at 30 Me/sec, the lowest point of the vertical antenna is \/4 below the 
central height of h2 or 2.5 m below 118.75 m, which is 116.25 m, or 382 ft, 
above ground. The flat earth requirement for Fig. 240 is, therefore, 
fully satisfied. 

According to Fig. 234, the values for @ = 85 deg are p, = 0.49 and 
gy = —122deg. We have also 6) = 2.3 deg from the above evaluations. 
Moreover, 7 = a/ (hi + he)? + ad? = v/487.5? + 5,000? = 5,192 m; 79 = 
4/ (Ia — ha)? + d? = +/200? + 5,000? = 5,000; ro — r = —192 m is the 
path difference. The total time phase angle is 


1.2(ro — nf + o = —(1.2 X 192 X 30+ 122) = —7,032° 


Any time this angle has passed through 360 deg, it has again the same 
relative phase condition that it had before, causing a cycle of 360 deg. 
The equivalent delay angle of —7,032 deg is then 7,032/360 = 19.53 
negative cycles, which 19.53 cycles delay, since, as mentioned, a complete 
cycle is a mere repetition of the original phase condition. Therefore, 
only the fraction 0.53 plays a part. We have then a total time delay 
angle of —0.53 X 360 = —190.8 deg, due to the path difference ro — r 
of the direct and indirect wave as well as to the phase ¢, of the coefficient 
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p» for vertical reflection at point G of the surface of the ground in Fig. 
240. For a vertical Hertzian doublet at T, we have the directivity 
Do = sin 6 and Dis) = sin (90° — 90) = cos 0. Formula (8766) yields 


eros) — ~ (cos? Oo + pye7190-8° gin 8 6) 
= “ [cos* 60 + p, sin® 6(cos 190.8° — j sin 190.8°)] 
a cos 10.8° he sin 10.8° 
= “ (cos 60 — py sin3 6 cos 10.8° + Jp» sin? 6 sin 10.8°) 


COs 4) = cos 2.3° = 0.992; cos® 0) = 1; pv = 0.49; 
sin 0 = sin 85° = 0.9962; sin? @ = 0.988; cos 10.8° = 0.9823; 


sin 10.8° = 0.1874; Ee = &, esas /+7.8° volts/m 


A Hertzian doublet radiator has no practical value unless we understand 
by it only a very short dipole, so that a fixed current distribution exists. 
However, in either case, the radiation resistance is altogether too small. 
For short-wave work, a half-wave radiator is useful, and we find for it 


cos (90° cos @) 


Ds = : 
sin 6 
Pn COS [90° cos (90° — 4)] _ cos (90° sin 6) 
ie) sin (90° aan o COS Oo 
CS a a Mes =: [cos 4) cos (90° sin 65) + pye-7!99-8° sin 6 cos (90° cos 6)] 
a i) 
= = [a + b(j sin 10.8° — cos 10.8°)] 
EB a (a — b cos 10.8° + jb sin 10.8°) 


@ = COS 4 cos (90° sin 4) = 0.992 cos (90° X 0.0401) 


3.61° 


= 0.992 X 0.998 = 0.99 

b = p, sin 6 cos (90° cos 0) = 0.49 & 0.9962 cos (90° X 0.0872) 
7.86° 

b = 0.49 X 0.9962 x 0.9905 = 0.482 
b cos 10.8° = 0.482 X 0.9823 = 0.474 
bsin 10.8° = 0.482 X 0.1874 = 0.09 
0.516 + 70.09 * 
5000 /+9.9 volts/m 
where the value in the parenthesis is not very different from the value 
found for a Hertzian doublet radiator (the same, in effect, as a differential 


&r = &, 
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linear radiator), since for a half-wave radiator we have 0.516 + 370.09 as 
against 0.525 + j0.072. This is due to the fact that the direction polar 
diagram of an elementary radiator is not very different in shape from 
that of a half-wave radiator (see Fig. 103). It is to be borne in mind 
that the relative directivity Do is no measure for the actual radiated 
power. The value of &, is considerable for a half-wave radiator, while it 
is vanishingly small for a differential radiator. We found, for instance, 
that for 10 watts radiated power from a half-wave radiator, we have an 
effective reference value & = 22.2 volts/m. Therefore, at R of Fig. 
240, we have an effective vertical field component 


22.5 : 
Sz = 5,000 (0.516 <5 40.09) 


/0.516? + 0.09 
_ 22.5 VO.5IE + 0.09 i.e _ 9.36 x 10-0 


5,000 volts/m 


yielding a real value of 2.36 X 107° cos 9.9° = 2.36 X 10-* X 0.9851 
= 2.32 mv/m. If the receiving linear antenna has an effective length 
of 2 m, we shall have 2 X 2.32 = 4.34 mv induced across the dipole 
gap of the receiving antenna. We use mostly half-wave dipoles for 
receiving. The effective length is then 0.6361 in unobstructed space, 
where | is the actual length in meters. For a frequency of 30 Me/sec, 
we have | = 4/2 = 1% =5 m and I, = 0.636 X 5 = 3.18 m with 3.18 
X 2.32 = 7.4 mv induced across the gap of the half-wave dipole. 
Equation (876b) is the expression for vertically polarized wave trans- 
mission and wave reception if flat earth is justified. In many cases, we 
have the transmitting and receiving antennas fairly close to ground, so 
that for larger horizontal separations (d >> hi + he in Fig. 240), we have 
6) close to 0 deg and @ almost 90 deg, rendering cos = 1 and sin 6 = 1. 
For such conditions, we have 6 & 90 deg and p, = —1. We have then, 


for Fig. 240, 
= 2 
(hi + he)? 
d J! ae > a! 


where (hi + h»)?/d? as well as (hi — he)?/d? is very small compared with— 
unity, so that the approximations (1 + a)” =1-+ ma can be applied 
for a <1, where 


I 


UN = a/d? + (hi ao he)? 
r= Vd? + (hi + he)? 


I 


— (ia + he)! — (hi = he)? fe 
a= P or a= E and m= > 
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Therefore, 
is 1 (i — hy)? ae (ha ='ha)? Ae (hi + he)? 


yielding the path difference 


r— py = Vet fa)* = (ha = hea)? _ 2hahe 
ae 2d d 


Introducing this outcome into Eq. (876), the total vertical electric field becomes 


Dge—gn)8 Dos 
Sy = Eo cos 0 + 81 sin 6 & 8p + Gy = cio 4p, 0 Cay 
To r 
But 
cos (90° sin 6 cos (90° cos 6 
D (0°60) ee et ee Do = Eee py = -1 
COS A sin 6 
where p, = —1 for almost grazing angles with the ground means that 
pr = 17180". Qo = —180° 
Hence, 
Yo = wt — Bro = 360 X 10%ft — 1.2fry deg 
Y = 360 X 105ft — 1.2fr — 180° 
for f in megacycles per second, t in seconds and r and ro in meters. 
; & Site 
Se 7¥9 = — + — ci¥—yo) volts /m 
To rT 
but 
d d 
@ = 90°; 0) = 0° To = ~d; r=——Hd 
COS 6 sin 6 
and 
: & ; & ; ae & ‘ 
Ene i ¥o a [1 + ef(¥—¥0)] es {1 -- ef 1.2(ro—r) 3180 | fae se [ = ef1.2f (ro—1)] 
d d d 
hiha 
& —j2.4f—- 
[a (i Bae core ) volts /m 


where & denotes the maximum value with an effective value &p = &y/ /2 and the 
effective value & = &/ 4/ 2 as the reference value at 1 m distance from the radiator 
along the equatorial plane. Therefore, 


Eyota 


or) 


—sa.aphle 
Multiplying the term 1 as well as the factor « — d by the same phase factor 
joe ; 
é a nothing is changed, since the same relative phase still exists between both 


&e 
82 sil ae 
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terms. We find then 


: the & the 
-4J-y_ Cont (LX fee at € hi hs 
sn eae ens fey * { eo «(127 bh) 


hihs the es thy 
tis (1a \ —| x (r9phtt) — jin (a7) |} 


e hih 
Er = i sin (. 2f a) volts/m (876c) 


where f is in megacycles per second and hi, hs, and d are in meters, for & volts per 
meter. It must be realized that the factor 1.2 carries with it the dimension degree - 
seconds per meter, since it is the outcome of 360° X 108f/(8 X 108) = 1.2f, corre- 
sponding to w/c = w/(3 X 108) = Band 3 X 108 is the velocity in free space in meters 
per second. The entire argument 1.2f(ii h:/d) is then in degrees. Formula (876) 
then holds for field intensities near ground, where both the 7 and the F# locations are 
close enough to the surface of the earth so that the condition hi + h2:< dis satisfied, 
and we have the approximations 6) 0 and 6 =90 deg. For relatively large dis- 
tances, the sine function is equal to its argument expressed in radians, and we find 


hike hih 
i 28. = 1286 — &  volts/m (876d) 


&r = 0.0419 


where hi, ho, d, and » are in meters and f is in megacycles per second, showing an 
inverse square distance law instead of the inverse distance relation holding, for 
instance, in the standard broadcast range for ground-to-ground transmissions. The 
inverse square distance condition is, therefore, due to the wave interference between 
direct and indirect rays, which interference cannot be significant at longer waves 
even such as 500 m in length (corresponding to 600 ke/sec). Moreover, (876d) shows 
that the effective vertical field at the reception center R of Fig. 240 is larger the higher 
the frequency f is chosen. This is, however, offset by the fact that in the case of a 
receiving half-wave dipole, at higher frequencies, the physical length / = \/2 meters 
becomes shorter the higher the frequency is chosen, since \ X 300/f meters for f in 
megacycles per second. The induced voltage is 0.636/8r volts = 0.313\&z volts, 
because the equivalent length J, = 2l/7 for a half-wave antenna. But if we use equal- 
phased half-wave sections, we can take advantage of the frequency proportionality. 


It can be shown that (876c) also holds for horizontal polarization. 

For shorter distances, where the approximation of (876d) does not hold 
and (876c) must be used, we obtain maximum field values of magnitudes 
28s./d for such distances, which render fhiho/d = 75, 225, 5 X 75, 7 X 
75, - * - , and minimum values (zeros) for fhih2/d = 150, 300, 450, 
These conditions are the outcome for the conditions that make 1.2fhiho/d — 
= 90 deg, 270 deg, 5 X 90 deg, 7 X 90 deg, - - : for sin (1.2fhih2/d) = 
+1, and 1.2fhihe/d = 180 deg, 2 X 180 deg, 3 X 180 deg, - - + for 
sin (1.2fhih2/d) = 

159. Comparison of Horizontally Polarized Waves with Vertically 
Polarized Waves over Flat Ground. As we have already found in the 
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theoretical derivations, the relations become less involved for horizontal 
polarizations, because in Fig. 242 the linear transmitter radiator 7 as 
well as the linear receiver antenna R are now parallel with the surface of 
reflection (surface of ground). We have then 

(volts/m) ate De& 


es —— ¢i(wt—Bnrg) — S ¢) (ot—Br 9) 
i) T9 


for the free-field intensity along any 6 direction. Since the receiving 
linear antenna is oriented so as to give maximum pickup (parallel with 
the radiator and parallel to ground), we have the directivity Ds = 1 as 


b+ —_,__nj 


H Be. rizortal 
ymete Biches reference /evel | 
‘a rm Linear antennas 7 and R point perpendicu- 
| 4,-hy larly into the paper 
eye r=T7TG+GR =TR’ 
d d 
= ;To = 
sin 0’? cos 0 
hi — ho 
e=t =! ee 
6 an ( d ) 
hi, he, ro, r, and d are in meters 


r 


Fie. 242. Path triangle for horizontally polarized waves. 


well as the atmospheric index of refraction n = 1 if there is no change 
in the gradient of n. We have then respective time phase angles 


vo = (360 X 10% —1.2r))f deg 
v = (360 X 10% — 1.2r)f+e, deg 


for f in megacycles per second, ry and r in meters, and ¢ in seconds. The 
quantity ¢;, is the phase of the reflection coefficient p;, due to wave reflec- 
tion at the surface of the ground in the case of horizontally polarized 
waves. For maximum reception orientation of the linear pickup antenna 
at R, we have 


Cy Gy: 
Eirotteren = &+& = = ei¥o + pp, F élv 
0 


‘ (e¥ cos 0) + pre¥ sin 8) 


since the & and &; electric field vectors are perpendicular to the indicated 
Ho and H, vectors and point into the paper. The & and & vectors are 
along the receiving antenna. By multiplying again both sides of the 
equation with the factor e~¥ and calling Sz and &, the effective electric 
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field values in volts per meter at R and &, again the reference value at 
1 m distance from the radiator in its equatorial plane, we find 


for horizontal polari- 


g sagt 
(vyolts/m) —. °2 5h R E 
ER d (cos 89 + pre sin 8) zation (Fig. 242) 


g af for vertical 
(volts/m) —. —® % 2 75 Z 
OF d [Doort5) C08” Go + poDoet sin’ 6) polariza- (876e) 
tion (Fig. | 
240) 


db, = 6+ gn; 6, = 6+ oy; 6=1.2(ro—r)f deg 


where r and ro are in meters and f is in megacycles per second. It is 
now of interest to examine the order of magnitude for respective polariza- 
tions. Suppose we have a ground with an equivalent relative dielec- 
tric constant x, = 80 — j80, yielding a relative index of refraction n = 
4/80 — j80 of the ground with respect to air above it. We have already 
carried out the detailed computation for such a complex value and found 
pr = 0.781e-*-5* and p, = 0.881¢7°*. Therefore, go = —5.65 deg and 
gn, = +176.8 deg for an angle of incidence 0 = 45 deg. The real value 
80 of 80 — 780 shows that we deal either with ocean surface, a lake, or a 
river, whatever may be the case. The value of the imaginary part jqis g = 
80 = 1.8 X 104(c/f) for,the conductivity o of the ground in mhos per 
meter and the frequency f in megacycles per second. Assuming ocean 
water with an average conductivity of sc = 4 mhos/m, we find a frequency 
f = 1.8 X 104 X 4/80 = 900 Me/sec, which is well in the UHF range of 
carrier frequencies. Taking the horizontal separation of respective 
transmitting (7) and receiving () dipoles again as d = 5,000 m and 
the dipoles at altitudes hi = 318.75 m and hz = 118.75 m, we find 


hy — he 200 
a. — . — =—1 Gs & eee — —l1 
hy — he = 200 m; 6) = tan ( 7 ) = tan (eon) 


= tan-! (0.04) = 2.3° 


For the direct path TR, we find a length r> = d/(cos 8) = 5,000/0.9992 
= 5,000 m. For the indirect path TGR, we have the same length as 
TR’, where R’ denotes the image point of the reception center for either 
type of polarization. Hence, r = d/(sin 6) = 5,000/0.7071 = 7,072 m. 
Therefore, we have a path difference between direct and indirect rays of 
ro — r = —2,072 m and find from (876e) the relative time delay 


6 = 1.2(ro — r)f = —1.2 X 2,072 x 900 = —2,237,760° 


To this we must add the time angle ¢ degrees for the respective polariza- 
tions. We find then, according to (876e), 
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& = 6+ go, = —2,237,760 + 176.8 = —2,237,583.2° 
Oy = 0+ = —2,237,760 — 5.65 = —2,237,765.65° 


6, _ —360k, — 360p, where k, is the number of complete cycles 
360 360 (complete 360°) and p, is the decimal num- 
ber of complete cycles 
6, __ — 360k, — 360p, where k, is number of complete cycles and 
360 Sc0me py is number of fractional cycles 
db, = —360k, — 360p, = —360k, — 183.2° in effect —183.2° 


oO 
e 
I 


—360k, — 360p, = —360k, — 5.65° in effect —5.65° 


In the above evaluations, only the values within a complete cycle, 1... Within 360 
deg, count, and the division by 360 deg has to be accurate, since only the portion after 
the decimal point is used. A slide rule cannot do this but can be used as follows: 
The first four places of the 6, and 6, values are within the division of a slide-rule 
setting, and we find, for instance, 2,240(10%/360) & 6,200, while the actual multi- 

‘plication yields 6,200 < 360 = 2,232,000 and represents the exact value for 6,200 
complete cycles. Subtracting this from the respective negative values for 6, and 6», 
we find 2,237,583.2 — 2,232,000 = 5,588.2 and 2,237,765.65 — 2,232,000 = 5,765. 65. 
The first mehced Aue yitlda the pponetiniate ae: rule wane 5,583. 2/360 ~ ~15 
complete cycles, while the second reduced number yields 5,765.65 / 360 = 16 complete 
cycles, the exact values being 15 X 360 = 5,400 and 16 x 360 = 5,760 deg, respec- 
tively. Subtracting again these exact Peiuoed values from respective reduced 
degrees 5,583.2 and 5,765.65, we find 5,765.65 — 5,760 = 5.65deg = —8,and 5,583.2 
— 5,400 = 183.2 deg = —6,. 


It is, therefore, necessary to carry out the division by 360 deg accu- 
rately, since it is the decimal figure that counts, as in the numerical example 
on page 872, where we found for a delay angle of —7,032 deg, a division 
7,032/360 = 19.53 negative cycles, and 


7032 ee. 19. 360 08 x 360 
iaesco le oe % 360 
Sees = Dy, 


with —0.53 X 360 = —360p, = —190.8 deg that counts in effect. 

We note that we have the respective phase delays 6, = —183.2 deg 
and 6, = —5.65 deg. For horizontal polarization (Fig. 242), we have 
COs % = cos 2.3° = 0.9992 and sin 6 = sin 45° = 0.7071, yielding 


g, 0: 9992 + 0.881 X 0.707 1e7188.-2" 
5,000 
ote 0.9992 + 0.65¢7183-2 
5,000 


0.9992 + 0.65 cos 183.2° — 70.65 sin 183. ae 


& eee) a 


= 5000 | 


= 5 aan 4/ (0.9992 — 0.65 sin 3.2°)? + (—0.65 cos 3.2°)2 das 
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2 ae 3 2 cia, 
= aa 4/0.95562 + (—0.645)? € 


ane —0.65 cos 3.2° 
an’ \0.9992 — 0.65 sin 3.2° 


i ot —0.65 X 0.9984 ) 
0.9992 — 0.65 X 0.0588 
= tan-! (—0.675) = —34° 
cos (—34°) = cos (34°) = 0.829; Spies 10a ecg volts/m 


ah 


This gives then a real component of 23 X 107° & cos 34° = 19.1 X 
10-58, volts per meter, for horizontal polarization. For vertical polariza- 
tion, we find 


cos [90° cos (90° — 6o)] _ cos (90° sin 6o) 


D 20-06) = sin (90° — 6p) Fi COS Oo « 
_ cos (90° sin 2.3°) _ cos 3.61° _ 
warcicos 23° > SurOgeommms 


Cos 6) = 0.9992 = 1; cos? 45 = 1 
cos (90° cos 6) _ cos (90° cos 45°) 


Dy = sin 0 (a sin 45° 
cos 63.5° 0.4462 
“e007. 0.70718 oe 
sin 9 = 0. pe sin? 6 = 0.49985 
Cee) = 5,000 0 (0.998 + 0.781 X 0.633 X 0.49985«775-®") 
aa 500 (0.998 + 0.246 cos 5.65° — 70.246 sin 5.65°) 
= F000 +/ (0.998 + 0.246 cos 5.65°)? + (—0.246 sin 5.65°)? ea 


co ee, 
0.245 0.0242 


—0.246 XK 0.0984 
a —1 é e -1(— em ° 
oer ha (wom + 0.246 X at tone 0180) = a 


This gives cos a» = 0.9998, which is essentially an inphase condition, 
and 


8 = 5,000 a 4/ 1.243? + 0.0242? = 25867115 


Real component = 258, cos 1.15° = 258, volts/m 
For the real components, we have then the comparisons 


Elle) = 256, for vertical polarization (Fig. 240) 
Egoe/m = 19.18, for horizontal polarization (Fig. 242) 
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160. Effect of the Height of the Mid-point of a Linear Antenna over 
Actual Ground for Different Angles of Wave Incidence and General 
Polarization. This has reference to electromagnetic waves arriving 
from airplanes at land and offshore stations using, for instance, half- 
wave dipoles as a pickup expedient. By mid-point of a linear radiator 
or a receiving antenna is meant the symmetry point of the antenna. It 
is also known as the “‘radiation center” for a radiator and the “‘reception 
center” for a receiving antenna. For an array of several half-wave 


Equator of AB! ee 
o cos 6’ y Receliver 
és / & qnuae Se “ee 
t~ / \ ae SS 
‘2 fo, hres ray|b Ze KG certtral height 
SS % 


»~ 
YZCO ~ 


\ 7s . 
pec | ia fi) Mle, “IO Infoees. 
aor oes 
TE ela Z ne 
of AB * 
bear (ray) Bree ENS 
Lquator of A‘8! Fy tas Ss 


At circle of | meter distance from the radiation 
center Eo volts/m is electric reference 
field intensity at uriit distance 


Fig. 243. General case for parallel and perpendicular polarization. (For parallel polariza- 
tion the electric & vectors are in the plane of wave incidence and H vectors are normal to 
this plane; for perpendicular polarization the magnetic H vectors are in the plane of wave 
incidence and the & vectors normal to the plane.) F1is | to v1, F2 is L to v2, and F3 is ae 
to 01 (leaving ground). All vectors refer to reflection point G. Reflected field Fs; = pFie?%; 
refracted field F2 = RF ie’; p is the magnitude of reflection coefficient, y phase (time) of 
reflection coefficient, R magnitude of refraction coefficient, y’ time phase of refraction coeffi- 
cient. ZX plane is plane of wave incidence. 


radiators or receiving antennas, we mean by mid-point the symmetry 
center of the array. The general case is shown in Fig. 243, where F, 
denotes the incident and F'3 = pF, the magnitude of the reflected field 
vector. It is also to be multiplied by the phase factor & if the reflection 
coefficient p is complex. According to Table 44, we must distinguish 
between reflection coefficients p, and p,, respectively, depending upon 


whether the electric vector & is parallel with the plane of incidence or is 
normal to this plane. The plane of incidence in Fig. 243 is the ZX plane. 
This leads generally to three conditions as far as the effect on a receiving 
dipole is concerned. ‘The reason for this is that for perpendicular electric 
polarization, there can be only one perpendicular direction of & to the 
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horizontal XY plane. For parallel polarization, the electric & vector can 
be normal to ground as for the a — b orientation of the receiver dipole. 
If this dipole were a radiator, we should obtain a parallel polarization 
known as “‘vertical” polarization. ‘The vector & can, however, still be 
parallel with the ZX plane, but also parallel with the X direction of the 
ground. This is not horizontal polarization (although the orientation 
a’’ — b’’ ishorizontal). By horizontal polarization is meant the a’’”’ — b’” 
orientation of the dipole (if it were radiating), which is a dipole pointing 
perpendicular to the paper (along the Y axis). This must be the case 
since the paper is the plane of incidence. Having this definition in 
mind, we can put py = py) and p, = p, as is done in Table 44. Figure 
243 then shows all three cases that can be expressed by such reflection 
coefficients. 

We call a’ — b’ a general orientation! of a linear receiving antenna for 
parallel polarization (6 in the plane of ZX and inclined to both the Z 
and X axis). One arriving field vector is always normal to the direction 
of propagation and in the plane of incidence. This vector is shown as 
F, in Fig. 248. For parallel polarization, 7: = &1, while the associated 
magnetic vector H; must be perpendicular to the ZX plane at G, which 
is the point of reflection on the surface of the ground. For perpendicular 
polarization, we have Ff; = Hi, fF; = He, and Fs; = H3, and the corre- 
sponding & associations are normal to the ZX plane at the reflection 
point G. Since, for parallel polarization, a’b’ is a general receiving dipole 
orientation, there exists a definite direction 6 of the incident beam for 
which no incident or reflected beam can exist. This means that the 
indirect beam cannot occur. ‘This happens for parallel polarization if a 
linear radiator is oriented as is dipole A’B’. For this radiator, the free- 
field intensity is &) volts per meter and is the largest field effect at 1 m 
distance, since &) is parallel with the A’B’ direction in the ZX plane. 
The field & sin 6 must be zero, since it is normal to radiator A’B’. 
Therefore, the indicated wave incidence is for the A’B’ radiator such 
that Fy = 0 and &;=H,=0. Therefore, also 6& =H, =0= 8 = 
H; =F3;=F,. This then excludes the indirect wave. This is not true, 
however, for the direct wave, since a vector & arrives whose component 
(parallel with a’b’) will induce a voltage, since for such relative orienta- 
tions as A’B’ and a’b’ the free-field component & cos 6’ is effective at 1 
m distance from the A’B’ radiator. 

Suppose we have a radiator AB that radiates a vertically polarized | 
wave. For an angle @ of incidence, the free-field intensity at unit dis- 
tance is not & as in the equatorial plane of the AB radiator but is only © 


1 With respect to general linear polarization and elliptical polarization, refer to 
pages 549-552 and 785-788. 
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&o sin 8, since & sin 6 is perpendicular to the incident beam. At G, we 
have then a corresponding field component 71 = &; for the incident 
electric field vector and a component &; sin § along the Z axis. The 
time phase of &; sin @ is zero, since we refer the phase of the reflected 
vector F’3 to the incident field F;. Therefore, if the incident field com- 
ponent &; sin @ (along the Z axis) is taken at the mid-point elevation of 
h meters, the relative phase can no longer be zero but must be delayed 
at this altitude h by an angle 6h cos 6, where 6 = 1.2f degrees per 
meter, where f is in megacycles per second. This is the case, since 
B = w/(3 X 10%) = 360 X 10°f/(8 K 108). The relation 


B = 1.27% deg/m (877) 


expresses that for each megacycle, an electromagnetic wave experiences 
a phase delay of 1.2 deg when progressing through 1 m distance. This is 
strictly ‘true in empty space and practically so in air. Therefore, for a 
300-Me wave, we should have equal phase conditions at consecutive field 
points 1 m apart, because 360 = 1.2 x 300. Ae 

The relative phase of the incident field at a reception center h meters 
above the reflection point G is —Bh cos 0 = —1.2fh cos 6 = —6 degrees, 
due to the time delay along the vertical distance of h meters: The inci- 
dent field intensity at the reflection point G causes, therefore, at the 
reception center h meters above G, a vertical electric field component 
&: sin 6e* volts per meter. Since in dealing with parallel polarization 
the reflected amplitude is p)&1e*l| sin 0 at G and at the reception center 
of dipole ab, it becomes py&:e*le* sin 6, where py = p, and |; = gy. 
Figure 244 gives the vector situations at the reflection point G and at the 
reception center. We note that generally for an angle of incidence which 
is not 6 = 90 deg, the resultant field €g at any altitude h above the reflec- 
tion point G is no longer normal to ground but makes an angle 


8 — pyei(es—5) 
i 
tan ——— F ppltonb cot 6 


vf 


I 


[1 = preilee-25) 
tan eo = cot | deg (877a) 
The last form of angle y is obtained by multiplying the numerator and 
denominator by «~*. We can, therefore, pick up field energy with a 
receiving dipole or any linear antenna in the vertical direction ab as 
shown in Fig. 244 or with such an antenna in a horizontal position in the 
plane of incidence (plane of the paper). From the vector triangle of the 
field components at the elevated reception center, we have the sum of 
the vertical field contributions 
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&» = S1e® sin 6 + pr&ie*—® sin 6 
= & sin O[1 + pre?) ] volts/m (877b) 
since the last form represents the same relative phase 26 as the first form. 


We have, however, the difference of the horizontal field contributions 
(according to Fig. 244) and find the total horizontal field 


&, = S:e® cos 6 — pr&1e“— cos 0 
= &1 cos O[1 — pre? er—®)] volts/m (877c) 


Hence, for a linear receiving antenna, as indicated ab orientation, we 
measure the vertical component of & at the reception center. The 


/inear antenna along 
resultant electric field 


6. 6 
= oe / 
Elegies eee Gee, 
3 Py ; Reception center 
if 3 We of vertical 
Ib linear antenna - 
& | 
bp Eg VEF+EZ | 
| 
‘By, Picked up with | 4 meter 

| 
| 


& = (&1' + &') sin @ is field fis in Me/sec 
picked up with a vertical % = —1.2fhD s0_@) deg ; 
linear antenna. yy is time phase angle of reflection 
&, = (81 — &s’) cos Bis picked Coefficient p» in deg eH 
up with a horizontal linear 2 90°-#) = cos @ for a receiving doub- 
antenna : let 
cos (90° sin @) 

cos 0 

ing half-wave dipole 

Fie. 244. Incident and reflected electric field components at places above the reflection 
point G for parallel polarization. 


Dgo°-6) = for a receiv- 


horizontal orientation should not be confused with the horizontal orienta- 
tion of a receiving antenna when horizontally polarized waves arrive, 
since, for such a polarization, the receiving antenna would point normal 
to the paper. 

In exactly the same way, we can derive the expression for horizontal 
polarization (€ is normal to the plane of incidence). We have then in | 
Fig. 243 F: = Hi, F, = He, and F; = H3, and &1, &, and &3 are per- 
pendicular to the paper. We have then only one &z field (with no com- 
ponents), since it is normal to the plane of incidence. Since the ampli- 
tudes &; and &3 = p,&1 are parallel to ground and perpendicular to the 
plane of incidence (along Y axis), we have no sin 6 and cos @ functions 
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in the final expression and find 
&rz = &,[1 + pre \?n—25) | volts/m (877d) 


since Sr = &. The receiving antenna then points perpendicularly into 
the paper in Fig. 243. The expressions (877b), (877c), and (877d) have 
the form 


& = p&i{l + pee] (877e) 


where p = sin 6, = cos 6, = 1 for (877b), (877c), (877d) and &; is the 
field intensity in volts per meter incident at the reflection point G. 
Magnitude p and phase ¢ of the reflection factor depend on the polariza- 
tion. The real component of (877e) becomes 


& = p& V/[1 + p cos (v — 28)|? + p? sin? (» — 25) cos y volts/m 
by \y sin (g — 26) ; Aa 


where D is the direction factor. For a vertical half-wave radiator, it is 
Do = [cos (90° cos 6)]/sin 0, while it is unity for horizontally polarized 
waves with the receiving linear antenna lined up in parallel with the 
radiator. 

161. Notes on Wave Spread for Plane and Curved Earth. In unob- 
structed radiation space, the electromagnetic field energy is propagated 
in all directions from a point source. For no conductivity effects in the 
wave medium (a pure dielectric like air), the same energy flux must 
cross the larger spherical surface S as streams perpendicular to 
the surface So of Fig. 245. In the distant radiation field, & volts per 
meter and H amperes per meter (both effective values) cause a normal 
energy flux of p = SH watts per square meter. This is then the energy 
flux of &H joules across each square-meter normal surface during 1 sec. 
Hence, at the reference distance of rp = 1 m, poSy watts are streaming 
normal to Sy square meters and pS watts is the same wattage through S 
square meters. It is taken for granted that S is in the distant radiation 
region, so that & and H form a plane wave front as far as 1-square-meter 
area is concerned. The quantities § and H are also in space quadrature 
and in time phase. The reference values &) and Ho, at 1 m distance, 
are then the space quadrature field associations, which are likewise in 
time phase and such that poSo = pS with values for respective Poynting 
vectors as in Fig. 245. The reference ratio &)/H» must then be equal to 
the ratio 6/H = 376.7 ohms, where also p = 376.7H? watts per square 
meter. For no medium losses (heat losses), the energy continuity 


requires poSo = pS or SoS? = S&?, and 
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Sia= So Steen Sp volts/m , (878) 
S r 

since spherical surfaces are proportional to the squares of respective 
radii. Since ro is taken as unity distance, Eq. (878) is the well-known 
inverse distance law & = &/r, where & represents the electric field 
intensity at r> = 1m. The ratio ro/r is a measure for the wave spread 
or reduction in the field intensity when a wave travels through a distance 
of r — ro meters. Inasmuch as 7/ro is, according to (878), equal to 
4/8./S, we can compare such ratios 
for plane and spherical earth as in Fig. 
vec=3xl08m/see 246. Such a wave spread or dilution 
of the electromagnetic field energy 
across ever-growing spherical surfaces 
S (as the distance r grows from the 
radiation center) causes what is known 
as “geometrical” attenuation of the 
field intensity. Over plane ground, we 

have the ratio 


8/80 = VSofS = WSo/8' = to/r, 
Fria. 245. Wave spread for spherical 


expanding wave fronts. Magnitudes because in Fig. 246 the image spherical 
of Poynting energy vectors po > DP; ary / : 
pi = £02/377 watts/m?; p = 89/377 surface Ce S’ at the image center 
watts /m2; 0 is the radiation reference location P3 is exactly of same size as the 
value at unity distance from radia- , vies 
ee ie aeetamvand,2ctual surface element S atthe receiving 
Sand So in square meters;S0and&are center Es This is no longer true for 
effective field values in volts/m; oes : : 
&0/Ho = &/H &377 ohms for air. wave propagation over eee! at 
since §/8) = V/S0/S = VW So/S /8'/8 
and &/& = (ro/r) WS’/S. The factor ro/r is the inverse distance effect 
due to wave spread, while the factor /S'/S = C is the curvature effect. 


This effect is given by the approximation 


1 
C= 
VJ/1 + (2hihi, tan? 6) /(Rd) 


(878a) 


showing that the curvature effect of the earth surface is unity for per- 
pendicular wave incidence. When the incidence and the line of sight 
approach each other, the value of C approaches zero. The factor C must 
be used in the reflection term of Eqs. (876a) and (876b) by multiplying 
p by C. This applies then for curved earth (assumed spherical) for 
distances within the line of sight. It is also assumed that the index n ~ 
of atmospheric refraction is unity so that rectilinear wave propagation — 
prevails for both the direct and the indirect ground-reflected rays. 
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Fie. 246. Wave spread over flat and spherical earth surfaces. (a) For plane ground, Pi 
and Pe: are actual antenna centers (symmetry points). (b) For spherical ground, §/&) = 


ro/r V S’/8 &ro/r V/1 + (2hi’h2’ tan? 6) /Rd. 


ofp 


Mb 7, 7 / 
—_—______ p —_________,| 
664-180: dx 29 for (hy +h, Jee D? 


Fie. 247. Multiple reflections due to two different grounds. Reflections and paths for 
reception at the transmitting center. (a) Resultant field Sz in the distant radiation region. 
(b) Resultant field &z at radiation center. 


162. Effects of Multiple Reflections from Ground on the Space Field. 
We may have cases as in Fig. 247 for the radiation region. Matters are 
then no more difficult, since it is only necessary to add geometrically 
the various arriving component fields at the reception center R. Figure 
247 shows the case where three arriving waves are instrumental at R. 


888 SHORT-WAVE RADIATION PHENOMENA [Cuap. VII 


One wave travels along the direct path 7, and two indirect waves, upon 
reflection at the ground, travel along respective total paths r + d; and 
r +d, meters. We must then deal with different reflection coefficients 
pi and p2 and corresponding phases ¢; and ¢, since the angles of incidence 
are @ and 6’, where p and ¢ depend upon the polarization besides. If & 
denotes the true reference radiation portion in volts per meter at 1 m 
distance from the radiation center and in the equatorial plane of the 
radiator, we have at R of Fig. 247: 


Do,8o 


(volts/m) __ ellette:-B(r+d))] 5 
&2 rbd + ps 


Da &o ¢/ (wt—Br) + p1 
Ts 


Dob ellet+¢2—B(r+d2)] 
T + d» 

where, for horizontal polarization, Da = ne = Do, = 1 isthenimenr 
pickup antenna at F is parallel with the radiator. For the abbreviations 


os Do&o, Aes piD 4,60, ae p2D 4,60 
a ead r+ dy’ r+ de 
we find 
& = st-Bq + heller-bavd 4. egilerBde)] 


l| 


eiot-Br) (q + eid: + eeiAs) volts/m 
(Ol = 1.2fdi deg 
g2 — 1.2fd2 deg 


Ai 
A» 


I 


| 
| (879) 
} 


where f is in megacycles per second, di and d2 are in meters, and A; and 
A> are the relative phases in degrees with respect to the direct field com- 
ponent. Hence, maxima effects result when a, b, and e are positive and Ai 
as well as A, are 180k degrees, for k = 0, 2,4,6, -- -. For the general 
case, a, b, and e depend on the respective directivities D»,, Do,, and Dg,. 
Inasmuch as we have three terms in (879), minima effects occur when one 
term is neutralized by the geometric sum of the other terms. 

In Fig. 247b, the radiation and reception center is assumed at the 
same space point 7. This means that a provision has to be made so 
that there are receiving times during which the transmitter cannot affect — 
the sensitive receiving equipment. We have three confluent path tri- 
angles. A reflecting wall returns a resultant distant field at R to field 
point T' as field &z, 7.e., to the location of the electromagnetic source, 
from whence it came. We have now two distinct reflection points, 
namely, G at the surface of the ground and R at the surface of the reflect- 
ing wall. If the obstructing wall through R were not a reflector, we — 
should have at RF a resultant field due to the components 


: D4,6 
¢/ (ot—Br) and pee 1) 
Po +d 


Do&o elot+e—-Br+4)] volts/m 
r 
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for the reflection coefficient p and its phase at G. This accounts for the 
full-line path triangle TRG with a direct path TR = r and an indirect 
path T¢6+GR=r-+d. For optimum reception orientation and a 
horizontal radiator, we have Ds, = Ds, = 1; while for a vertical radiator, 
the directivities Do, and Do, are generally different, since 0) and 6, differ 
in magnitude. If the wall were a perfect conductor, the image point R’ 
of & and R itself would coincide at the surface of the wall at R. For 
horizontal polarization, we have at R a reflection coefficient —1, causing 
—&/r and —p,&0/(r + d) amplitudes of the reflected fields at R, where 
pn is the complex reflection coefficient at G and the minus sign, or —1, 
is the reflection coefficient at R. Each component can then proceed 
along the direct path RT as well as along the indirect path RG + GT. 
This means that we have four waves returning to 7’, one starting with the 
amplitude —&)/r along the dash-dash path RT =r, the second along 
the dash-dot-dash path along RT with initial amplitude — p,&0/(r + d), the 
third with the initial amplitude —&/r along the dash-dot-dot-dash path 
RG + GT =r + d, and the fourth with the initial amplitude —p,&0/(r + d) 
along the same path dash-dot-dash RG+ G7 =r-+d. The resultant 
field at 7’, due to the reflections at R, is then subject to phase delays 
caused by the reflection coefficient —1 of a perfect metallic reflector 
at R, the phase factor ¢%» due to ground reflection, and the respective 
phase delays due to the path difference. The values of the four returning 
electromagnetic waves right next to the reflection point R are, with 
respect to magnitude and phase, (&)/1)e@*-8 e718 along the dash-dash 
path RT as well as RG, prl&o/(r + d)Jelette-80+4)1—-7180° along dash-dot-dash 
path RT and RG, since the reflection causing phase reversal at R is taken 
care of by the factor e718” with a real component cos 180 deg = —1. 
The corresponding arriving field values at 7’, after traveling respective 
paths RT and RG + GT, become, for the abbreviations a = &)/r and 
b = pr&o/(r + d), equal to 


D i wt—-Br) g—i180%_—i8r along dash-dash path RT 

” 

b eilwt-+ eB (r+d)]g—4180° 187 along dash-dot-dash path RT 
r 


pre? 9 gilwt-Brre-i180"¢-8+@ long dash-dot-dot-dash / at 7’ (879a) 


ard path RG + GT 
pre’? 4 ellatten—B (rtd) |e—T180% 18 (+d) along dash-dot- 
eit a : . dash path RG + 


GT 
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The resultant field 2 at 7 then becomes 


Sr = a ei (@t—2Br—180°) + 6 eilotte,—2B (r+d)—180"] 
ff Tr 


a 
ip 


ellot+o,—28 (r+d)— 180°] 


+ pr 


ellwtt+2¢,—28 (r+d)—180°] 


+ pr 


iver 


a 


. ° b pra . pnd ° 
az ei (ot—Br—180°) be — 1 (en—Bd) ————— i (¢n—B4) ——_._ ¢/2(e—-Bd) 
r at r + r+d a r+d 


volts/m (879b) 


The common phase factor exp [j(wt — Br — 180°)] cannot change the 
resultant value &e, since it is the same rotation for either vector term in 
the bracket. It can be ignored as far as the absolute value of &z at T is 
concerned. As far as the inverse distance effect in the field amplitude 
value is concerned, we have 1/r = 1/(r + d), since r > d, and we can 
write in (879b) 


Gye bo 6 _ __prBo_ , pabo 
ey gees ¢ ~ Gretel eee 
pra pro, PEO, prb _—phSo, PhEO 


nod. ir tay r ’ reds ) Geel, 7a 


- The absolute value of the resultant field due to the total wave return 
at T then becomes 


Er 


I 


a (1+ 2ore* + ple™4) = 7 + et)? volts/m 


gn — 1.2fd deg 


(879c) 
A 


where d and r are in meters and / is in megacycles per second. In this 
formula, d is the path difference in meters between the indirect and direct 
beams. We deal now with an inverse square distance law instead of an 
inverse distance law. Inasmuch as the returned wave energy is pro- 
portional to the field intensity in square, the returned energy must vary 
inversely as the fourth power of the distance r. Therefore, if at 7 
another reflection were to occur, we should have at FR a resultant field 
proportional to 1/r?; and for another perfect reflection at R, we should 
find a field at T that is proportional to 1/r‘. This can be realized, since © 
after an outward travel &/r is the arriving field of a beam. Therefore, 
the reference field for the returning wave is now &/r for the first arrival — 
at Rand not &. Upon perfect reflection of a beam at R, the same beam ~ 
will cause at 7’, according to the inverse distance law, a field that is the 
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reference field &/r divided by the distance r or &o/r?, etc. Equation 
(879c) can also be written as 


& (volterm) as “9 {1 “fb pr(COos A+ if sin A)? 


(1 + pa cos A)? + pj sin? A]? 


T 
pg? 
< 


e | (879d) 
= = (1 + 2p, cos A + pj)ei 


ome fh Ph sin A 
¥ th ( ++ ph COS x) 


Inasmuch as & and & % are known, &z can be measured, and r is known, 
the above equation must give a means of determining the reflection 
coefficient p, and its phase yg, for horizontal polarization. Equation 
(879d) also shows that the returned field at 7 must oscillate between 
minima and maxima values, since cos A passes through +1 values for 
A= 0, 180, 360, - - - degrees. The formula given in Fig. 247b holds 
only for the condition (hi + hz)? « D?, which should apply in many 
cases, while the path difference, for all other conditions, can be computed 
from 


d = VD? + (hi + he)? — V/D? + (hi — ha)? (879e) 


In each case, rectilinear space propagation is assumed (atmospheric index 
of refraction equal to unity). The path difference can be found most 
_ quickly by drawing to a reduced scale the path triangle TRGT and sealing 
off the reduced lengths kr and k(r + d) by means of a map measure. 
The factor k is the constant of scale reduction. This procedure is espe- 
cially expedient when curved direct and indirect paths prevail (index of 
atmospheric refraction plays a part). For any kind of polarization for 
the arriving electromagnetic waves at the reception center R, we gen- 
erally have the component fields 


“3 e (t—Bnr) volts/m for the direct wave 
PD 480 ters gcse +4) volts/m for the ground-reflected indi- (879f) 
+d rect wave 


The quantity n is then the atmospheric index of refraction with respect 
to vacuum. We deal with a gradient dn/dh, which means a change of 
n = \/«, with the elevation above ground. The quantity x, denotes the 
numeric relative dielectric constant «/(8.854 X 107'2) of the air at a 
certain altitude of h meters above ground. 
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Matters are more involved for vertical polarization and a general 
medium (, x, o) of the reflecting wall with the surface point R of Fig. 
247b. It is then customary to work with scattering coefficients, which 
are found experimentally by noting the field return from a particular 
surface. Such coefficients can be found for any curved surface of reflec- 
tion in terms of an effective area and the wave energy return in a desired 
direction. 

Matters are also involved, even in the case of a perfectly reflecting 
wall on which R is a surface point, if we deal with vertical polarization, 
since D,, and Do, in Eq. (879f), for p = p» and g = ¢g, and n = 1, differ 
and are no longer equal to unity, even though for relatively large cover- 
ages (large distances), we have 0) = 6:1, and angles in the neighborhood 
of 90 deg are of concern. We have then, for a vertical half-wave radiator, 


cos (90 cos 61) ~ sin 6 
sin 6, 


De, = Da = 


for 6: = 90 to 75 deg of incidence and De, equal to about unity, for angles 
of 90 to about 85 deg. For all other cases, the formula 


iy, = cos (90° cos 61) 
sin 6; 

must be used. For a perfect target at R, the reflection coefficient is 
now +1, 7.e., inphase wave returns occur, with initial values as given 
by (879f) for p = p, and ¢ = ¢, and n = 1, as far as respective paths RT 
and RG of Fig. 247b are of concern. We have then, for the four initial 
values along the following four return paths and right next to reflection 
point R (for vertically polarized waves), 


ee eerss) along the dash-dash path RT 
DoyBo CO8 92 su1—Br) along the dash-dot-dot-dash 
r path RG right next (8799) 
PDo80 jarry,-er+a) along the dash-dot-dash to R : 
r+d path RG 
PrD 6,80 COS O2 dlotte, Bra) along the dash-dot- 
r+d dash path RT 


For the abbreviations Do,80/r = a and p,D¢,80/(r + d) = 6, we find the 
corresponding arriving field values at 7’ 
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= et eit along the dash-dash path RT ! 
b cos 62 lotto, Br+a)leiBr along the dash-dot-dash 
r path RT ie 
t 
@ COS 42 along the dash-dot-dot- d Sieh) 


pyelee any ¢/(wt—Br) ¢—7B (r+) 


dash path RG + GT 
glette,-BG-+a] along the dash-dot-dash path 
RG + GT 


The resultant field &z at the radiation center 7’, due to the four returned 
waves, is again the geometric addition of the above components, yielding 


é Py 
Pv - 


Sp = €itut-26r) [E ae D 608 82 sea) 
Dh. r 
a “ee PC a cient | volts/m (8797) 


The common phase factor exp j(wt — 26r) will again not change the 
value of the resultant field &z, since each term in the parenthesis is changed 
by it. We therefore ignore the common factor as far as the absolute 
value of &g is concerned. Forr> dand >), the inverse distance effects 
for the justified approximation, 1/r = 1/(r + d); and in (8797), we can 
write : 


@_ Doo, b COS 02 _ pyDo,E0 COS 62 _, prDo,60 COs O2 
ir r G+ dr r? 
Pr@ COS 92 _ pyDa&o COS 02 _ , p»Da80 COS Oe 
r+d. Gee) — i 
pub pp Da,So —, 0 Do.&o 


r+d (r+d)?— Pr 
The absolute value of the resultant field, due to the total wave return 
from # at the radiation center 7, then becomes 


$k = = (Do. + prDo,e4 cos 02 + peDaei cos 62 + p2Do,624) 


volts/m (8799) 


A=9,—12fd deg J 


where d and r are in meters and f is in megacycles per second. In Fig. 
247b, we have 6+ 6; = 180° = 6, + 26+ 0; — 60, 62 = 0% — @. 
Therefore, when the back-scattering point R is a relatively large distance 
r away from the radiation center 7’, the paths TR and GR become essen- 
tially parallel and 6.0. Therefore, 6) = 6. This holds in several 
practical applications, where h; is small compared with the direct path of 
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length r.. We have then in (879j), cos #2 = 1. Da, = Do, Dar = Dis0°o, 
since 0: + @ = 180 deg. Since sin (180° — 6) = sin 6 and cos [90° X 
cos (180° — 8)] = cos (—90° cos 6) = cos (90° cos 4), we find, for a 
vertical half-wave radiator, Ds, = De and (879j) simplifies to 


me me 


&: = (1 + pve’ + pre??4) = (1 4 pei4)? volts/m (879k) 


We have Nee for a vertical and a horizontal half-wave radiator at T’, 
for the respective returned field intensities 


Cae ys (1 + pres)? — for a vertical 
half-wave radi- 
ator at T ‘ 
bo Fig. (247b) 
Gwolterm) — — (1 + pre»)? for a horizontal 
i half-wave radiator (8791) 
abe J 
=A, = te _ cos (90° cos #) 
A = A, = @ — 1.2fd deg; Dy = sar 


== An = OF Ba 1.2fd deg 


_ where f is in megacycles per second and d and r are in meters. The 
result of (8791) can also be written in the form 


Elvoltem) oes (1 + 2p, cos A, + pz)e¥ 
ete ts (1 + 2p, cos An + py)e™ 
f : ( py sin A, ‘ 2 r ; (879m) 
Vo = tan ‘lage pico. for vertical 3 radiator 
at T 
Vates, y Ph sin An f r . 
yi = tan (snes anes -) for horizontal 5 radiator 


at T' 


For cases where hi or he or both are relatively not small enough in com- 
parison with the direct path r to make 6, = 0, Eq. (8797) must be used 
for vertically polarized waves. When the backward wave return comes - 
from a curved perfect reflector, the &g result has to be multiplied by an 
empirical factor smaller than unity, in order to account for the scattering 
effect. It is then convenient to work with a semiempirical reduction 
factor, based on the concept of an equivalent reflecting plane surface, 
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that returns the same amount of wave energy as the actual curved 
target does. 

163. Wave Reflections on Metal Plates and Planes of the General 
Medium. If a plane electromagnetic wave polarized along the Z axis 
of the ZX plane is stopped as in Fig. 248 by a surface of a medium with 


42 
l General 
x 1 O rmediun 


0, 7 


=> 
&. = S:e4@t-Bz) volts/m 


incident traveling EM waves 


aA 
Hy = Hiei @*-82) amp/m 


a 
6/ = —&,¢7(ttBz) 


Hi, 


H,,/ = H,¢ittbz) 


eee 2 REP x) i(witBr) — giwt(e -—iBz _ ¢ -+iBz * : 
. Beri ise See etn ie ae) \ standing or stationary waves 


jo( 182) jo(t-2) x 
ei t—Bz) @ Ares We y= [> 


reflected traveling EM waves 


@ .; w Pi ; 
8/8 X10) 7 3 X 108 m/see for air 
Fig. 248. Wave reflections on planes of the general medium. ZX plane is plane of wave 
incidence, and @ = 0. 


—=¢ 


a conductivity « mhos per meter, a permeability py henrys per meter, and 
a dielectric constant of « farads per meter, we have indicated incident 
and reflected fields, which move in air in opposite directions with the same 
velocity. This causes standing space waves. The ratio ee; = H,/ Hs 
defines the coefficient of reflection p, which is also given by p = (Zp) — Z;)/ 
(Z, + Zo), where By &:/H; — 6. Ay es V 10/Ko ohms (= 376.7 ohms). 
The load impedance Z; is for & in the plane of incidence equal to Z cos @ 
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ohms and for & normal to the plane of incidence Z/(cos @) ohms. For 
normal incidence, we have cos 6 = cos 0° = 1, and the load imped- 
ance Z, is, for either type of polarization, equal to Z = V/u/ke complex 
ohms if the reflecting surface is part of a general medium with the elec- 
tromagnetic properties 4, x, and c. The complex equivalent dielectric 
constant x. is given by x. = « — j(¢/w) farads per meter for the frequency 
w/6.28 in cycles per second. The ratio &,/&; must then also be complex, 
since the quantity Z in p = (Zo — Z)/(Zo + Z), for normal wave inci- 
dence, causes a complex value of p. Complete reflection occurs if p has 
unity value and is real, which occurs strictly for a perfectly conducting 
obstructing medium (co = ©). At the surface of such a medium, we 
have a complete discontinuity as far as the conductivity is concerned. 
On one side of the surface of reflection, we have « = 0 and, on the other 
side, ¢ = ©. The tangential € component of medium o = ~ must 
then vanish, which, according to the boundary condition, also requires 
zero value of the tangential component on the side with « = 0. There- 
fore, the total tangential & field at the surface of a perfectly conducting 
metal plate must vanish. According to the & relation, the total tangential 
field at the boundary is found for x = 0, and we have 


Gpoundane — eat (8: = &) a 0.volts/m 
A eataees = ett (A; + He amp/m 
which means that the reflected field is equal in magnitude to the incident 


field. For the stationary fields in air, in front of the metal surface, we 
have 
Guanding t= 0Gsict- et = Get (e162 se ez) 
—j28,<*' sin (62x) volts/m 
Htanding = Hy + Hi = Hiee?'(e* + ei) = 2H e* cos (6x) amp/m 


But 


ll 


Lo = oS 376.7 real ohms 


and 
Gatanding = — 428; sin (Bx) volts/m 


3% 28; 


Fstanding = 376.7 08 (6x) amp/m Seu, 


This result shows that on account of the sin (6x) and cos (8x) functions, 
the associated fields of the standing space waves are still in space quad- 
rature. However, on account of the j factor, the standing associated 
fields are in time quadrature, which is a characteristic for stationary 
(standing) electromagnetic waves (there is no motion, 7.e., no wave 
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propagation, for the resultant effect). Zero electric fields then exist 
whenever 6x = 0, 180, 360, - - - deg since Sstanding 18 & Sin (6x) function. 
Zero magnetic fields exist whenever Bx = 90 deg, 3 X 90 deg, 5 X 90 
deg. Maximum field effects occur whenever the arguments are halfway 
between these angles, so that Hmax effects go together with Snin = 0 effects 
and &max effects go together with Hmin = O effects. Therefore, at x = 0 
(which is the surface of the perfect metal reflector), we have sin (Ba) 
= 0 and & = 0, but we have cos (6x) = 1 and 


amp/m 


If we divide the numerator and the denominator in p = (Zo — Z)/ 
(Zo + Z) by Zo, we find, for the abbreviation r = Z/Zo, the ratio p = 
(1 — r)/(1 + r), which, for a general medium, yields 
ee | 
Zo WV uo/Ko ey 7 | 

r (880a) 
K 10°. 
~ ko 8.854? 


q= 18x 102 
J 

where o is in mhos per meter, « is in farads per meter, and f in megacycles 
per second. It is assumed that the general medium has a permeability 
equal to that holding for empty space and air. We have now a means 
of finding the complex value of p and also a means of finding out what 
reflection effect a copper plate with a finite conductivity o = 5.8 X 107 
mhos/m and a probable dielectric constant x = xo = 8.854 X 10-12 
farad/m will give for an arriving electromagnetic wave. We have then 

q = 1.8 X 104 X 5.8 Be 1.042 20" 

‘i f 

as against kp = xo/xo = 1. We have, therefore, even fora megamegacycle 
electromagnetic wave, still a value g = 1.042 X 108, which is practically 
one million times larger than the x, = 1 value in Wx, — jg, and we find 


oi a Bb 1 
oa V3 Se 
= 14142049 _ yaya i ti 
(1-1 +7) Vq 2V¢ 


= 070711 +.) Fea a 


_ 0.7071(1 + j) VF ey oe 
om oi Oe Vt 


(880b) 
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Applying this formula to a 1,000-Mc wave, we find 


r = 6.93 X 10-7 1,000 (1 + 7) = 6.93 X 10-7 X 31.62(1 + J) 
= 2.19 X 10-5(1 + 7) 
1—r L—219 x 10-* — j2.19 X 10% 
P14 £2.19 X 10-* + 72:19 Kaos 
_ 0,9999781 — j0.0000219 _ 
~ 7,0000219 + j0.0000219 — 


Even for a million-megacycle wave, we find 


r = 6.93 X 10-7 +/10° (1 + j) = 6.93 x 10-4(1 + 9) 
_ 1 = 6.93 X 10-4 — j6.93 X 10-4 _ 0.999307 — j0.000693 _ , 
P= T+ 6.93 X 10-4 + 76.93 X 10-4 1.000698 + j0.000693 — 


Therefore, in the case of such an extremely UHF wave, the tangential 
component of &, at the surface of the copper plate, must be extremely 
small. It is this component which must cover the joulean heat loss at 
the surface skin of the copper obstacle, due to the finite conductivity of 
5.8 X 107 mhos/m instead of an infinite conductivity. It is the power 

that counts. Since we have normal incidence in Fig. 248, the power flow 
across each square-meter area of the incident wave must be 6H; watts 
(for & and H; effective values), which is also equal to 376.7H? watts per 


square meter. The penetrating power for each square-meter surface is’ 


equal to (2H;)?Z watts, since, at the reflector surface (surface of the metal 
obstruction), the incident H; and the reflected H, fields are practically 
equal (p = 1) and in phase. The value 2H; is, therefore, operative at 
the metal surface. The copper medium offers, to a 90-deg ‘‘head-on”’ 
electromagnetic wave arrival, an impedance 


: Ke Owe ; : 
oo MNGi V=5 qua? 


SOD Oa 


e hy) aN hei |2 00 : (880c) 
ql j) » a ait 
=A+ JA; Z= A+jA ohms 
Bi * iis 


where A is the active inphase component and JA is reactive and cannot 
cause power loss. Therefore, the resistive component of the load imped- 
ance Z must account for the penetrating power through the plate metal 
surface, and we have 
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Mo 


Penetrating power = 4H? watts/m? 
aN | 20 _" 
2) 
o 
<t 880d 
Penetrating power _ Nee @ [Bako ( 
Incident power i. [Fe a o 
a Ko 
: es f Morse) 


Applying this result to a copper reflector, which experiences a perpen- 
dicular wave incidence for a 1,000-Mce excitation, we find 


2.109 X 10-2 ee = 2.109 X 10-2 ceo = 8.75 x 10-8 


and the penetrating power P = 0.0000875P; watts is the result, where 
P; is the available incident power at the copper surface. This proves 
that the reflection at the surface of the metal obstruction is practically 
complete. 

164. Remarks on Actual Electromagnetic Wave Conditions on Either 
Side of the Earth Surface (for Vertical Polarization). The general 
formula (8766) is used. It reads 


& 


eae 


{D 902-6) COS? 49 + poDeCel?s-1-2/ 7-70)! sin? 9} volts/m 
if we also use the coefficient C for the curvature effect of the earth surface. 
For grazing incidence, we find 


Ao = 0; 6 — 90°; D (90°65) = Ds = Doe = il 
Si == | = sin? 00 ee To = O° py = +1 
exp jl~, — 1.2f(r — ro)] = expje, = 18° = cos 180° + j sin 180° = —1 


and, therefore, &z = 0. This result does not quite agree with experience, 
since the above stipulation for @ = 90 deg and 0) = 0 deg requires that 
the vertical linear radiator at T of Fig. 240 and the linear receiving 
antenna at R are with their mid-points 7 and R at the surface of the 
ground. This means that the radiator penetrates with half its vertical 
length into ground, since r — rm) = 0 and hi = Ig = 0 requires such a 
condition. As far as the radiator is concerned, we have the condition 
of Fig. 249. Only the portion ab = ab’ with b’ just clearing the ground 
is then the equivalent radiator, and the voltage is applied between b’ 
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and ground. This subject matter has been treated elsewhere. The 
general ground leads then not only to a forward tilt 7 of the resultant 
electric vector &, with respect to the normal to the ground, but also to 
an elliptical polarization, since the vertical &. and the horizontal &, com- 
ponents of & are generally not in time phase, because the index of refrac- 


A si 0.15 
re. =5, 
a =" a th 4 P07 ISTHE 0.14 


Hi +t ols fi if ae 


aac t 
AEH Bp i 
es 0 B 
tI a 

att ota ! 


ce +H 0.06 
INS At 0.05 
SS rier tf 


Forward tilt t°—> 


l 
ca Al =" Let 
0 SS ae Nea arama 0.03 
0.1 05 10 5 10 50 100 500 1000 5000 10000 
Hi o(mhos/m) 
— 418,000 f(Mc/sec) 


Fic. 249. Forward tilt at the earth surface and elliptical polarization at this surface. 
Note: The longitudinal &, component along the direction of wave propagation causes guide 
action along the earth surface. Relative equivalent dielectric constant of a general 
medium is xe = kr —Jq3q@ = (18 X 10%)/f, o is in mhos/m, f in Me/sec, relative index of 
refraction ism = V ke. 


tion n of the ground is n = Vx, — jq, for g = 1.8 X 104(c/f) and f in 
megacycles per second. Calling y the time phase difference and using 
the abbreviation @ = wt, we have a resultant instantaneous field at a 
ground point, which is 


& = V8? sin? Q + &2 sin? (2 + yp) 
= V14(82 + &2 — cos (20)[82 + 8 cos (2Y)] + sin (20)8? sin (2p) } 


causing, during each cycle, a maximum and a minimum value for 


Bea —82 sin (2y) ) 
= 1 
pe € + &2 cos ap) 


1Hunp, A., “High-frequency Measurements,” 1st ed., 1933, pp. 292-295; 2d ed., 
1951, pp. 341-348, McGraw-Hill Book Company, Inc., New York. 
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The curves of Fig. 249 are based on Maxwell’s equations, and we have 


OHa me OH CHa Soll, 
oy Oz Oz Ox 
g(volts/m) = a ———— 
xr G ? y G 
ily Habs 
Ox oy ; 
BS reas yo found from the curl relations Eq. (137) 
for the admittance gradient 
G = joo above ground maboe ik 
G =o + jox below the surface of ground 


where xo and x are the dielectric constants of air and ground, respectively, in farads 
per meter. In addition, we find from Eq. (137) 


Be mS OS, 08,. mOee 
pene 0z oy Ox Oz 
EBS p/m) _ a : He = ai 
for the impedance gradient G’ = jou = jwuo ohms/m in air and 
067 06 ; oH Wel oo ; 
eae Ba in ground. The unit of eon a, 2 2 amp/m? and the unit of 
y x 

y= G’ 0& 


TEES relations in volts/m2 


According to (137), we have for time variations 


a 
seat aot oye ae (881a) 
to) Zz. 


rs wees 


In Fig. 249 we have only &., &, and H, fields and portions containing iy leben cuaal Isl 
vanish. We have left then only 


08x H 
re | 
Zz 
881b 
= 0g OH, eo 
eniage. ov 
08, 
PUL _ Wy 2 | 
Oi. Ora dy 


OHy _ 98s oe ely Os Gi: (881c) 


at ox dz e ats 0z 


University of Southern Californie 
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The relations are, therefore, greatly reduced. We find for variations that are har- 
monic functions with a time factor «*¢ the reduced expressions 


aH, aHy 0G; Os 
Mae B “an az ms 
be : _= ; H, = ————_ 881d 
& G ; & G y Gi ( ) 
G! = jwpo} G = jwxo for air; G =o + jox for ground 


Differentiating (881c) with respect to ¢ yields 


eH, 8,  70%B8e 
= — 88le 
an aa at Oz OF Gan 


Differentiating the first of Eqs. (881b) with respect to z and the second equation with 
respect to x yields 


abe Gy eH, | | aS, 1 (ee oy 
", Taga ot | | aco Se az 

0&. OE, eH, fame 628, 1/@H, 08: eu? 
on ya-Gbiees Oat | ae ot (ue #) 


fi ot? oe ox? cf 0x 02? oa az Oa? a dz? az ot 
11 eS 
__dHy 
Fat 
Hence, ; 
eH, eH, aH, aH, 
= a 881 
ax? az? ‘7 Belg 
€ 
For the relative values u, = »/uo and x, = x/ko, we find 
eH, PH, eH, oH, 
= Uy Ko ae 881h 
ax? ae az? Brio \ KrKo at? +o at ( ) 


Since we have only an H, value and no other components, we can put H, = H amperes 
per meter. On the air side above the ground surface, we have ¢ = 0, «, = ko/Kko = 1, 
and p, = po/uo = 1, and (881h) reads for air and ground nezt to the ground surface, 
for Hs = reaad = Jilin. 


oH eH 1 0?H ae 

i Ge ee above ground in air | 
O2HiEn (2b, _& PH, 4 1.257 X 10-%e dH below the surface of (8812) 
an? | dz? c?-_— OF? at ground 


3 x 108 m/sec 


° 
i] 
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The first of Eqs. (8817) shows that the magnetic H vector along the Y direction travels 
with the velocity 3 X 10*m/sec. For the second relation, we have two time functions, 


and (3 X 108)/ / ke meters per sec is not the actual phase velocity, since the dissipa- 
tion term poo(dH,/dt) also affects the phase velocity. 


Inasmuch as we have variations along the X as well as along the Z 
axis, there must occur a dual propagation for a tilted & vector in Fig. 
249. This means that a wave motion occurs along the ground surface 
as well as perpendicular into the ground from the surface. The latter 
causes also a wave motion upward into air. These wave motions are 
subjected to different propagation constants T, = T, andT, = I. andT3. 
These constants express that as the tilted & vector moves along the X 
direction, both the vertical &, and the horizontal &, components move with 
it. As far as the &, field is concerned, we have a transverse wave motion, 
with the & and H, vectors constituting the surface of the wave front, 
which is normal to the X direction and moves along this direction. As 
far as the &, field component is concerned in Fig. 249, we have a longi- 
tudinal & wave but still a transverse H, magnetic vector with respect to 
the surface wave along the ground. This is then a guided wave, since 
we deal with a longitudinal 8, wave, which may also be called a TM wave 
in comparison with the TEM wave with &, and H, field associations. 
The perpendicular &, and H, vectors form a surface that is parallel with 
the surface of the ground and slides, as it were, along the ground surface, 
as far as the initial values of & and H, at the surface of the ground are 
concerned. The transverse wave motion perpendicular into the ground 
with &, and H, values rapidly decreases along the —Z direction (into the 
ground) owing to the finite conductivity of the ground. The longitudinal 
&, propagation is attenuated very little and under certain conditions may 
account for strong ground field intensities at relatively large distances. 
The reason for this is that a dissipative ground tilts the original vertical 
& polarization into a (90° — r) direction with respect to ground (Fig. 249). 
This means that the conventional space wave diverts some of its field 
energy into the ground. This can be seen from the second of Eqs. 
(8817). We have then for a harmonic field excitation 


0H : 07H, 

re = joH, and ae = —w*H, 
resulting in ; 
7H, 2H, po? 681) 
dx? eo ead eg 


= (j7.9fo — 4.36 X 10-*/x,)H, 


- where f is in megacycles per second and x, = 10'*«/8.854. Since H, 
_ is multiplied by a complex quantity, a relative time phase exists. 
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It is the order of magnitude that counts. The magnitude can be found from a 
knowledge of the respective propagation constants along the desired direction (+X 
direction) of propagation and the directions +Z, which are the diverted directions 
of wave propagation. These propagation diversions account for the energy dissipa- 
tion in the ground and the energy reflection perpendicularly upward from the ground. 
For customary grazing wave incidence along the ground, we have then a multiple- 
wave propagation, with a partial wave-guide action along the surface of the ground. 
Since we must satisfy the upper H and the lower H, relation of (8812), we find 


H = Ae ai- Pa tiet for the field next to ground surface in air 881k 
HH, = Ac titel stiot for the ground field ( ) 


From the first relation, we find, for jwt — xf, — 2M. = pin the first relation of (8817), 
the terms 


oH oH 
= le and — =TAe 
Ox? dz? 
0°? ‘ ae 
a = —w*H = Ae for an e/ variation 


Using these results in (8817), the common factor Ae? will cancel out, and the first of 
Eqs. (8817) reduces to 


2 


i472 = —— = —6} ul 
41) = ee (881) 


By the same reasoning, for the lower expression of (8817) and (881k) we have, for 
pi = jot — eV; + 2V, the terms 


2H 2 
Bate = TjAe; one = [2Aes 
Ox? dz? 
oH oH 
f= jo, = jwAe; 1 = —@Ae1 
ot ot? 
and the second of Eqs. (8817) reads 
T? + 1? = 71.257 X 10-%ew — B%,; B=— (881m) 
% 


where w/6.28 is in cycles per second. If f is expressed in megacycles per second, we 
find 


Tl? + 1? = j7.90f — 4.36 X 1074n,f2 (881n) 


We require another relation to find the values of the respective propagation constants 
Ti, 2, and T;. From the boundary condition 


ce) () 
ae = =") 
0x J 20 0x J 2-0 


and for tangential electric fields on either side of the ground surface, we have & = 
&9,, Where &; is im air and tangential to ground surface and &,, is tangential but in 
ground. From the first of Eqs. (881k) for air, we have H, = H,o =0, k =k = 
8.854 X 1071? farad/m, and 
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O08 oH a(A eal 2, + jat) 


Ed A oe = = +T,Ae 
ae ot Oz 0z ce 
Integrating yields 
T,Ae? 1h 
0G ga) 4 st St alee Ae lis rn (8810) 
Jo J@Ko 


For ground, we find the only magnetic vector H, = H, amperes per meter, and the 
first of Eqs. (881k) leads to 


0&4 oH, 0(Ae 2h i tals tat) 
& — = — = — = T;Ae 881 
gata, dz de aie ere) 


Integration yields 


T3;Ae?1 iy 
6 a .) é. a= moses Sa Aen volts/m (8819) 
jos Jo o + Jwk 


But at the surface of the ground, & = &), and p = pi, since p = jot — 20, — 202 
and pi = jot — 211 + 213; and for z = 0, we find p = jut — zT, = pi. On equating 
& and &,, the common factor Ae/**-2T: cancels, and 


T: a Jwko jo ' jw 


T; o + jen o/(8.854 X 10732) + jor, LB LOU eee: (Seto) 


By means of (8811), (881m), and (881r), we can find expressions for Ty, Te, and 13. 
We have then for a = 1.257 < 10-8, b = 1.13 X 1041, andc =3 X 108, the relations 


2 2 
Meri 5 = Meer? = jacq — —— 
T jos T; T3 
Has —s— = 
cae a ++ k; Kr ( 7) 
j@ OK, 
E b 
T2 : ASR d= ad 
kr(1 ee jd) OE 


It is the dissipation term d that has a great deal to do with the propagation due to 
ground effect, since, for d < 1, we have essentially Tr, & —I3/x,. For any value of 
d, irrespective of its relative magnitude with respect to unity value, we find T; = 
(jd — 1)x,-T'2; and for the abbreviations e = jd — 1 and g = w?/c? = 6, we find 


. dow acta 
—9 | Kr ee ee OK We J 
g OK, 


. ba 3 
—gx,\ 1 eam = —gx, (1 — jd) = egx, 


+7; 


ll 
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Since [3 = ex,I's, we find for Tj + T3 
T? + e203 = egnr; m?m+13= -g (881s) 
yielding 
P2(e%? — 1) = glen, + 1) 
by subtracting the second of Eqs. (881s) from the first. Hence, 


ee ! 881 
= = t 
Ts g 7K? —1 ex, — 1 ( ) 
Since 
g 
i+} =Ti =- 
i +7; 1b ene g 
we find 


rm? (: is 1 ) CK CK 
1 = — 9 = g = g ———- 
¢ —1 -—1 1 — ex; 
eK ms Kr eK, (881u) 


| 
an 
eS 


4/9 = 0.0209f; ae ie 
| aaa ~ ok 6.28 X 10° taf 


Kr. 


ee =j2—1;  qand x, in Fig. 249 


Ky, Ky 
(mhos/m) 
T, = 0.0209f Mery ae V kr — jg V2; q=18 X 10° Fimo 
Kr — c/ Bee, 
1 
0.0209f _—, _, (0.0209(Jg = mf (B8ta 


et 6 eee 
—/jq — A + &) /jq — +) ; 


These expressions for respective propagation constants give data for 
the longitudinal surface ([1 wave) and respective cross-surface (I's and 
T'3) waves. Suppose we have a frequency in the lower frequency range, 
say f = 0.16 Me/sec, and we deal with dry ground of relative dielectric 
constant x, = 4 and a conductivity o = 10-‘ mho/m. This-yields q = 
1.8 X 104(10-4/0.16) = 11.25 and jg — x, = j11.25 — 4. Therefore, 


[dg = tos © =o 25 — 4 pce — 4)(5 + j11.25) 
1+, — jq 5 — j11.25 52 + 11.25? 
e aul 7146.55 _ Reet + 146.552/180° — tan—! (11/146.55) 
15155 ah 151.55 


iy [146.7/+175.7° Ss Ree 
= 1515 = 0.99 78> : 


The angle under the square root is 180° — tan~! (11/146.55), since j11 


T, = 
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points upward and —146.55 points normally to the left along the 
negative real axis. The angle is, therefore, in the second quadrant and 
an angle to 180 deg minus the tangent—! of the value of the imaginary 
part to the real value. The above evaluation yields, according to (881v), 
the propagation constant I’; of the surface wave as 


T; = 0.0209 K 0.16 X 0.99e#87-85 = 33.1 & 10-4e/87-85 
= 33.1 X 10~*(cos 87.85° + j sin 87.85°) = 1.27 10-4 + j33 X 10-4 


et eee 
0.0384 0.999 neper/m circular 
radian/m 


=ait+ je: 


We have then an attenuation constant of a1 = 1.27 & 10-4 neper/m and 
a phase constant of 8: = 3.3 X 10-5 circular radian /m. The attenuation 
for the surface wave along the ground is then of the order found for tele- 
phone currents flowing in a cable. For the propagation constant IT, 
for the wave propagation normal to ground but in air, we have 


ee ek) = VLDB Se 
= \/11.25? +B i 90° — 5 tan! ae = 3.5e7" 


1 €—157° 


0+.) 35 
o 0.0209 eee = 9.55 X 10-5187" 
T, = 9.55 X 10-5(cos 57° — 9 sims = 9.55 X 10-°(0,545 — j0.839) 

= 5.2 X 10 — 7.9 X 10-4 = a2 + 62; a = 5.2 X 10-4 neper/m 
In the same way, we find for the propagation normal into ground 
e114 X 10-*e*?- = G.OEKI0 4 79.6 X 10-8 ag + 763 
If we inspect first the phase constants 6; = 33 < TOme: 


B2 = —7.9 X 1074, and 8; = 91 X 10-4 circular radian/m, 


where 6: and 6; correspond to cross-ground surface propagations, we have ; = 
6.28(104/33) = 1,900 m, 2» = 6.28(104/7.9) = 7,920 m, ds = 6.28(104/91) = 690 m, 
Xo = 300/f = 300/0.16 = 1,870 m free-space X. For the wave normal to ground and 
in air, we have a phase velocity v2 = fd: = 0.16 X 10° x 7,920 = 12.65 x 108 m/sec, 
which is 12.65/3 = 4.217 times the value of the velocity of light. For the cross- 
ground surface propagation into ground, we find a phase velocity v3, which is \3/)o 
= 690/1,870 = 0.37 times the free-space velocity. For the wave along the ground 
surface, we have i/o = 1,900/1,870 = 1.1016 and a phase velocity v; = 3.3 x 
10’ m/sec. These phase velocities are then larger and smaller than the free-space 
velocity 3 X 10° m/sec. These velocities should not be confused with the velocity 
at which energy is being transferred (consult Sees. 69, 70). If we compare respective 
attenuation constants a: = 1.27 X 10-4, a2 =5.2 X 10-4, and a; = 69 X 10-4 
neper/m, we note that the surface wave is the least attenuated while, of course, severe 
attenuation occurs for the wave passing normally into ground. 
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The above numerical example does not belong to the range of VHF’s 
and UHF’s. It was chosen only to bring out drastic numerical results. 
If we now take a VHF case, for which a 100-Mc wave moves along dry 
ground owing to a vertical radiator normal to ground, we find gq = 
1.8 X 104 x 10-4/100 = 0.018, which is negligible in comparison with the 
geometric quadrature value x, = 4, and formulas (881v) simplify to 


T1 = +J0.0209f eee 00209 
cee te 1 kK +1 
0.0209k,f aoe (881) 
iat Ms q = 1.8 X 10* aim K 
We find then 
ey 0505; Vir +1 = V5 = 2.24 
r= a x 100 X 0.895 = + 71.87 = 761 
100 ae 
Terie 4 100 2 453.74 = 
oe 2.24 94. Jo. ea; jB3 


The free-space wavelength is \) = 300/f = 300/100 = 3 m; 6; = 1.87 
= 6.28/d1; \1 = 3.35 m; for a cross-surface wave in air, Ax = 6.28/0.932 
= 6.7 m; for a wave penetrating perpendicularly into ground, A3 = 
6.28/3.74 = 1.68 m. Since for such ground, if taken quasi-dielectric, 
vs = 3 X 108/+/4 = 1.5 X 108 m/sec, we find a wavelength in ground 
as 150/100 = 1.5 m instead of 1.68 m. 

Let us take up an application of formula (881v), for the condition g >> 
kr, 80 that essentially (1 + x,)<<g. We have then the approximations 


Tr, = j0.0209f 
Avis 0.0209f _ 0.0209f _ 0.0209-—Vif _ _; 0.0209 Vif 
NE 8 re Va 
.0.0209¢f 0.0209 +/j of - (14+ 9) 
Vi4q Vq V2 
hence 
T; = 0.0209f = 76:1; g = 1.8 X 104a/f™/9) >> Ky 
0.0209f(1 — 7) _ 0.0209f  .0.0209f ; 
T, Fe paar ti —— ry + 8 
V% Vx) (8812) 
0.0209¢f(1 + 7) _ 0.0209¢f , .0.0209¢f 
Dia —s = — ae a 23+ JP 
24 Jog, | NAR 
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The surface wave for such a relative magnitude of ¢ with respect to x, 
shows that no attenuation effects occur, since a: = 0. This may account 
for the fact that in some short-wave propagations, we find anomalous 
strong field values at quite large distances. For the perpendicular cross- 
ground wave in air, we have ag = —£s; and for the perpendicular cross- 
ground wave into ground, we find a3 = 63 = qax. This means that for 
the wave emerging from the surface of the ground into air under 90 deg 
and the wave emerging from this surface perpendicularly into ground, 
the dissipative attenuation constant is numerically equal to the 6 value 
of the corresponding I relation. Applying (881x) to vertically polarized 
electromagnetic waves over ocean surface, we have, for x, = 80, ¢ = 
4 mhos/m, and a frequency as low as 0.48 Mc/sec, g = 1.8 X 104 x 4/0.48 
= 150,000, which is large compared with x, = 80; T; = 0.0209 X 0.16 
= j0.00335 = 761; 6.28/d1 = 3.385 X 10-8; Ai = 6.28 X 103/3.35 = 1,870m 
of the surface wave as against 300/0.48 = 625 m in empty space. 
For the approximation of (881z), no attenuation value occurs for a. 
But if we use the accurate formula (881v), we have T; = a1 + j@; and 
a1 = 5.9 X 10-* neper/m. This is, however, equivalent to a damping 
effect of the wave smaller than that experienced on a good communica- 
tion line. We find from (8812) the other values 
on Bee cS LN on = eB CU = 6.12 X 10-§ neper/m 
V2q V/30X10! 5.48 X 10? 
= 8.686 X 6.12 X 10-* = 5.31 X 10-5 db/m 
a3 = gaz = 15 X 10* X 5.31 XK 10-> = 7.99 db/m = 0.115 X 7.99 
= 0.92 neper/m 


Therefore, in ground normal to its surface, we have an attenuation as 
high as 7.99 db for each meter of wave passage. This corresponds to a 
loss as found in a very thin copper conductor. Moreover, from these 
results, we find 


= 6.28 X 10° 
6.12 

6.28 

0.92 

v3 = 6.8 X 0.48 XK 10° = 3.2 X 10° m/sec 

Ve = 1.02 X 10° X 0.48 X 10° = 4.9 X 101! m/sec 

v; = 1,870 X 0.48 X 10° = 8.95 X 108 m/sec 

for wave along ground surface 


= 1.02 X 10®°m 


= 6.8 m with phase velocities 


We note that even at frequencies as high as 100 Mc/sec, we have q = 
1.8 X 104 X 4400 = 720, which is still nine times the absolute value of 
«, = 80 and acts in geometrical quadrature. In Table 50, the evalua- 
tion is given for such a frequency and a frequency of 900 Mc/sec, for 


~ 


910 


Taste 50. 
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VERTICAL TRANSMITTER ANTENNA OVER OCEAN AND Forwarp TILT oF 
RESULTANT § VECTOR 


Frequency | duc- | Displacement tine ae 
f, Me/sec | tion term xk; 0.0200 sae etal it 
term q 
100 720 80 2.09 81 j720 — 80 j720 — 81 
900 80 80 18.81 81 780 — 80 730 — 81 
Frequency q : q @ 1 s q 4 
—1({ ——— }}180° — | tan“ 90° — —] tan“ 
Peon NTL ., 2 2 | ee 
q clis the phase outside of the 
(i ca square root V/jq — (1 + «,) 
100 8.89 83.6 96.4° 48 .2° 
900 0.987 44.6 | 135.4° Olevm 
Frequency Tf : 8 
f, Me/see | Vjq—- A +e) =a/?+( + 09+ / 190° — | tan“! PET. 
= Vo + (ee 3 / 90" - Sane q ’ 
2 1+, 
100 \/7202 + 81? ¢/48.2" = 26.91(cos 48.2° + 7 sin 48.2°) 
“0.6678 «7455 
= (17.9 + j20)/48.2° 
900 | 1/802 + 81? e877" = 10.65(cos 67.7° +7 sin 67.7°) 
"0.379 0.925 
= (4.05 + 79.9) /67.7° 
Frequency 0.0209f A): 
7 aed SS St ee 2 
Maes 8 Vig — (1 +) 
2.09 _. we ; 
100 T, = 56.01 e 148-2 = 0.078(cos 48.2 — j sin 48.2) = 0.051 — 70.058 
az = 0.051 neper/m; B2 = —0.058 circular radians /m 
6.28 108 ave 300 Pp 
Sass = again i 
> * 0.058 a OG 
V2 = fr = 100 X 10° X 108 = 108 X 108 m/secas against 3 x 108 m/sec 
NE, 
4 cycles/sec 
13; S10) ee , ; 
a Ty = 10.65 79 1.76(cos 67.7° — 7 sin Cla 0.67 — 31.65 
a2 = 0.67 neper/m; B2 = —1.63 circular radians/m 
6.28 ; . 
A. = We a 3.84 m as against A» = o00l ms 0.333 m 


v2 = fd: = 900 X 10° X 3.84 = 34.56 & 108 m/sec as against 3 X 108 
m/sec 
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TaBLe 50. VeERticaL TRANSMITTER ANTENNA OVER OCEAN AND Forwarp Tit or 
ReEsuLTanT § Vecror.—(Continued) 


Frequency . B; 
f, Me/see | Ts = Gq — &)T2 = (as +6.) / tan — 
a3 


100 Ts = (7720 — 80)(0.051 — j0.058) 
= (87.675 + j41.4)/+47.6°: 
a3 = 37.67 nepers/m; B83; = 41.4 radians/m; 
r Bey 15 inst etl hag : 
Tae ie nse Ta iy 
v3 = fds; = 100 X 10° X 0.152 = 0.152 X 108 m/sec as against 
3 X 108 m/sec 


900 T3 = (780 — 80)(0.67 — 71.63) = (77.2 + 7184.8) / +67.4° 
a3 = 77.2 nepers/m; Bs; = 184.8 radians/m 
es 0.033 i tr Se 0 333 
asia .0338 m as agains Sehany Te m 
vs = fr; = 900 X 10® X 0.0338 = 30.42 x 10° m/sec as against 
3 X 108 m/sec 


Frequency | /x, — jq M=V kt —jq Ps 


f, Me/sec = rr Allee 5 
=Ve+q - 5 tan i = (a1 +360 / tant o 
a 1 
100 | 802 + 7202 #4186" I, = (20 — j18)(0.051 — 0.058) 
= 26.9(cos 41.85° — j sin 41.85°) = —0.02 — 72.08 
= 26.9(0.745 — j0.667) a1 = —0.02 neper/m 
= 20 — 718 6B: = —2.08 radians/m 
r ie = 3.01 m as against 
peND098\4. 5 fete 
Ao = 38m 
v1 = fd: = 100 X 10° X 3.01 
=3 X 108 m/sec 
900 AY/2 X 802 i228" T, = (9.85 — j4.07)(0.67 — 71.63) 
= 10.645 (cos 22.5° — 7 sin 22.5°) = —0.03 — j18.77 
= 10.645(0.924 — j0.383) a1 = —0.03 neper/m 
= 9.85 — j4.07 B: = —18.77 radians/m 
6.28 
A= = 0.334 m as against 


18.77 
Xo = 0.3833 m 
0, = fri =fro = 3 X 108 m/sec 


Remarks: Relates to Fig. 249. Equation (8812) is used for a vertical radiator with its lower end 
next to the ocean surface. xr = 80, o = 4 mhos/m, p = po = 1.257 X 10-6 henry/m, g = 1.8 X 
104(c¢/f), where f is in Me/sec, Ai and v1 are wavelength and phase velocity of surface wave, a1 and f1 
are the corresponding attenuation and phase constants T = a + Jj, de and X3, v2 and v3 hold for normal 
eross-ocean surface waves, proceeding into ocean and into air, respectively. Resultant § vector is not 
normal, but slightly tilted forward (Fig. 249). The T1 = a1 + jf1 is the wave sliding along the surface 
of the ground. 
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which g = x,, 2.e., the conduction term of the same magnitude as the 
displacement term. The outcome of this table shows that in the short- 
wave range of carrier frequencies, the wavelength of the propagation 
along the ocean surface (the surface wave) is essentially equal to the 
wavelength of the space wave that is not guided by the ocean surface. 

In Fig. 249, the forward tilt 7, due to the action of the earth surface, 
is plotted against the characteristic term g. The range is such that it 
includes all actual conditions of the surface of the earth. Taking again 
ocean with an average salinity, we have o = 4 mhos/m and x, = 80. 
For 100 Mc/sec, we find g = 1.8 X 104 X %o0 = 720 and a forward 
tilt of about + = 1.5 deg, while for 900 Mc/sec, for which q = 80, we 
find about rt = 4.9 deg on the x, = 80 curve. The 7 curves for ocean 
and lakes show that over the entire radio-frequency range, we can never 
expect more than about 6.2-deg forward tilt. Assuming an average 
conductivity « = 5 X 10-* mho/m for mountain lakes, for a 100-Me 
wave, we have g = 1.8 X 10‘ X 5(10-/100) = 0.9 and, for a 900-Me 
wave, only one-ninth of this value, 7.e., g = 0.1. For each frequency, 
the curves of Fig. 249 give r = 6.2 deg. For dry ground, we have an 
average conductivity of 5 X 10-> mho/m and «x, =5. At 100 Me/see, 
we find gq = 1.8-X 104 X 5(10-°/100) = 0.009 and, therefore, g = 0.001 
for 900 Mc/sec. The curves of Fig. 249 do not extend to such small 
values but, if drawn, would give the maximum value of 7 = 22 deg as is 
indicated by the x, = 5 curve, which must be used. For wet ground, 
we deal essentially with the x, = 25 curve for 7 degrees and find for an 
average conductivity o = 5 X 10-* mho/m the value gq = 0.9 for 100 
Mce/sec, since g = 1.8 X 104 X 5(10-3/100) = 0.9 and g=0.1 for 
900 Mc/sec. In each case, the curve of Fig. 249 yields a forward tilt 
rT = 12.8 deg. 

Inasmuch as Eq. (876b) does not account for field intensities for 
grazing angles of incidence (hi = 0 = he in Fig. 240), it must represent 
the field of the Sommerfeldian space wave, while the surface wave just 
discussed accounts for the field next to the earth, surface. Therefore, 
for a grounded vertical radiator and a grounded vertical linear pickup 
antenna, it must be the surface wave that is instrumental. 

165. Radiation Patterns over Perfect and Actual Ground. For short 
waves, a perfect reference plane is of just as much importance as plane 
ground. The antenna structures are small, and we can just as well use 
a metal reference ‘‘back-up”’ reflector for an artificial ground as the actual 
ground. Even though the metal should extend strictly to infinity, a 
reference metal plane of a few wavelengths’ extension seems to give 
satisfactory service. 

We found on page 848 that we can compare the received current for 
vertically polarized waves by means of the relations 


> 
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To) = Del wi + p2 + 20» cos é nS 720 i ‘) 
for any ground as plane reflector 
S (882) 
[em = Df Np E = cos (- 720 ue ‘| 


for a perfect plane reflector (¢ = « mhos/m) (a metal plane) 
Is) = Del no reflector present 


In these relations, h meters denotes the height of the mid-point of a 
linear vertical pickup antenna above the reflector and 6 is the angle of 
wave incidence with respect to the normal to the reflector. The quan- 
tity De represents the directivity, which would be [cos (90° cos @)]/sin 6 
for a half-wave linear antenna normal to the reflector. The quantity p, 
is the coefficient of reflection of ground for a certain angle 6 of wave 
incidence, and ¢, the phase due to reflection. For horizontally polarized 
waves, we employ horizontal linear antennas and have the comparisons 


20° ] 
[em =] an + pz + 2p, cos (v2 aes Th 20s #) 
for any plane ground as a reflector 
Tem) = J Np E + cos (180° te ee) (882a) 
for a plane perfect reflector (a metal plane, copper sheet) 
a = J (we have a circular pattern) with no reflector 
present 


In either case, the expressions for a perfect reflector are obtained by the 
substitution p,» = +1 = |p,|, meaning that the phase factor ¢&* = 1 
and yg, = 0 deg. For horizontal polarization, we have p, = —1 anda 
phase factor ¢%: = e180 = cos 180° + j sin 180° = —1. Let us apply 
these relations to the case where we have a half-wave linear radi- 
ator. The mid-point of the linear antenna is then h meters above the 
reflector. For a vertical half-wave antenna, h is then in the limit such 
that the lower end of the antenna just does not touch the reflector. 
Inasmuch as the current J, measured at the current antinode of the radi- 
ator, is the same for all three relations in (882) and (882a), the vertical 
polar pattern is” ; 


_ 720° cos *) (882b) 


Po = Dell + 08 + 2p cos(o° x 


with D, = 1 for horizontal polarization, where it is understood that the 
pickup antenna is horizontal and go oriented that maximum signal is 
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received. For a vertical half-wave antenna with no reflector present, 
the value of the square root is unity; and for @ = 10 deg wave inci- 
dence with respect to the linear{antenna, we have cos 10° = 0.9848, 
sin 10° = 0.1736, 90° cos 10° = 88.6 deg, cos (90° cos 10°) = cos 88.6° 
= 0.0244, Pe = Do = 0.0244/0.1736 = 0.142. For vertical polarization, 
the meridian pattern of a linear \/2 radiator must be the same, 
whether used as a pickup antenna or as a radiator. Therefore, the 
above directivity Dp = 0.142 holds also for a half-wave radiator in a 
6 = 10 deg direction with respect to the radiator. Suppose we have a 
horizontal half-wave radiator, causing horizontally polarized waves, 2.e., 
waves with the electric § vector normal to the plane of incidence. If 
the radiator is h meters over a metal plane and parallel to it, so that 
h = /4, then we have Ds = 1 (since there is horizontal polarization 
with a circular fixed directivity in the plane of incidence), p = |p,| = 1, 
¢ = gn = 180 deg, and h/X = 0.25. For @ = 10 deg with respect to 
the normal of the metal reflector, we find then 


720° © cos 6 = 720° X 0.25 cos 10° = 720° X 0.25 X 0.9848 = 177° 


r 


Po = Pry = V1 + lpnl? + 2lpn| cos 3° = V1 + 14 2 cos 38° 
= /2+2 X 0.9986 = 1.99 


Cos ( ay C08 ‘) = cos (180° — 177°) = cos 3° 


We must realize that in (8826), by p, we mean only the absolute positive 
value of the reflection coefficient, since its phase is taken care of by the 
term in the argument of the cosine function under the square root. It 
so happens that for a perfect reflector, pr = |prje8° = 1- 8° = —], 
We can then use p, = —1 but must omit the g term in the argument of 
the cosine function and find 


Pye = V1 + p? + 2p cos (—177°) = V1 +1 — 2 cos (— 177°) 
= +/2 — 20s 177° = V2 — 2 cos (180° — 3°) = V2 + 2 cos 8° 
= 1.99 


This confirms the 1.99 value found above. 

For a vertical half-wave radiator over a metal reflector such that 
h = }/4 of the mid-point of the radiator just clears the metal plane, we 
have 


Pap » = 1; g = 0; D, = Dy = 0.142 
Pay = 0.182 VTE TF 2 668 (177?) = 0.149-VB= 2 008 : 
= 0.142 +/0.0028 = 0.0075 : 
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Tasie 51* 
x A AA...) 


a 720°h cos 9 | Horizontal polarization over perfect ground, ¢ = « mhos/m 
6, cos 0 Dog 
deg | numeric! from = §° 
poe = cos d cos d 2cosd (2+ 2cosd| Pp =1/2+2cosd 
0.0 | 1.0000 1.0000 2.0000 4.0000 2.0000 
10 0.9848 0.9986 1.9972 3.9972 1.999 
20 0.9387 0.9799 1.9598 3.9598 1.9899 
30 0.866 0.9135 1.8270 3.827 1.957 
40 0.766 0.7431 1.4862 3.4862 1.868 
50 0.6428 0.4384 0.8768 2.8768 1.697 
60 0.5 0.0000 0.0000 2.0000 1.414 
70 0.342 —0.4772 | —0.9544 1.0456 1.0198 
80 0.1736 —0.8536 | —1.7072 0.2928 0.5385 
85 0.0872 
90 0.0000 —1.0000 | —2.0000 0.0000 0.0000 


Remarks (Fig. 250): For vertical and horizontal half-wave antennas with their mid-points a distance 


h = 34d above ground (actual), xe’ = 25 — 719.2, xr = k/xo = 25,g = 19.2,g = 1.8 104(¢/f), where 
fis in Me/sec andc in mhos/m. We have also d = 180° — 6. 
3] eee ee 
Horizontal polarization, actual 
Vertical polarization over perfect ground, ¢ = © mhos/m ground, n = +/25 — 719.2, 
ASP a0 
4, 
deg From Figs. 
a Sr Pee 232, 233 ; 
a eee ee ee —, 
fe oon 2 cos 8 12 cos 8| 1/2 + 2 cos 6 DoV 2 + 2 cos 6 euadse cos A 
Ph Ph 

0.0 | —1.0000} —2.0000/0.0000 0.0000 0.0000 Ware bles) —4 0.9976 
10 —0.9986} —1.9972/0.0028 0.0529 0.0075 0.72 |176.4 | —0.6 0.9999 
20 —0.9799| —1.9598/0.0402 0.2004 0.056 0.735)176.9 8.4 0.9893 
30 —0.9135])—1.827 |0.173 0.412 0.172 0.753/177.35| 21.35 0.9314 
40 —0.7431)—1.4862/0.5138 0.717 0.396 0.782/177.8 39.8 0.7683 
50 —0.4384/ —0.8768/]1. 1232 1.058 0.753 0.82 |178.2 62.2 0.4664 
60 0.0000} 0.0000/2.0000 1.414 1.16 0.85 |178.68| 88.68 0.0238 
70 0.4772| 0.9544/2.9544 rele 1.57 0.89 |179.1 | 117.6 |—0.4633 
80 0.8536) 1.7072/3.7072 1.926 1.89 0.94 |179.55| 148.15 |—0.8494 
90 1.0000) 2.0000/4.0000 2.0000 2.0000 1.00 |180 180 —1.0000 


Horizontal polarization over actual ground, Vertical ceo sh Nie 
= 25 — 719.2, A = (yn — 5) deg, A = 1+ pr? + BON Oren = deg: 
oY ; - 2pn cos 6 n = +/25 — 719.2 
6, fi 
From Figs. 
des pte: 232, 233 
‘px? =| 1+ x%| 2p, | 2o,cosA] A a ev — 8] cosA 
Pv gue 
0.0 | 0. A 0.7 360 180 —1.0000 
10 0. 1. 0.699 | 358.5 | 181.5 |—0.9997 
20 0. 1; 0.695 | 358 189.5 |—0.9863 
30 0. 1. 0.68 357 201 — 0.9336 
40 0, Ly, 0.65 356 218 —0.788 
50 0. 0): 0.598 | 354 238 —0.5299 
60 0. 0. 0.505 | 350 260 —0.1736 
70 0. ie 0.365 | 338 276.5 0.11382 
80 0. Le 0.18 272 240.6 |—0.4909 
ME EE Nee Vice sc -- | oo ositlenceell vaio ee me 0.3 212 196.3 |—0.9598 
1. 2. 1.000 | 180 180 — 1.0000 


*¥For h = 34) above the reflector. 
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TABLE 51. *_ (Continued) 


Vertical polarization over actual ground, n = 4/25 — j19.2, A = ov — 8, 
A = 1-+ pv? + 2pr cos A 


6, 
deg 
pv? 1 + ps? 2Qpv 2pv cos A A VA Pg = Dev A 
0.0 .49 1.49 1.4 —1.4 0.09 0.3 0.0000 
10 0.4886 1.489 1.398 —1.398 0.091 0.301 0.0429 
20 0.483 1.483 1.39 —1.37 0.113 0.335 0.094 
30 0.4624 1.462 1.36 —1,27 0.192 0.436 0.182 
40 0.4225 1.422 i, —1.02 0.402 0.632 0.352 
50 0.3576 1.358 1.196 —0.632 0.726 0.852 0.592 
60 255 1.255 1.01 —0.176 1.079 1.039 0.848 
70 0.1332 1.133 0.73 0.0825 1.2155 1.102 1,02 
80 0.0324 1.032 0.36 | —0.187 0.845 0.9195 0.9000 
85 09 1.09 0.6 | —0.575 0.515 0.7176 0.7175 
90 1.0000 2.000 2.00 —2.000 0.000 0.0000 0.0000 
| 


—he quantity 0 is the angle of wave incidence with respect to the normal to ground (or reflector). 
6 degrees = 720°(h/d) cos 6. Pg is the vertical polar pattern. 
*For k = 34) above the reflector. 

which is essentially zero. We note already the vast difference between 
respective polarizations, even though the radiation center is, in each 
case, a quarter wavelength above the metal reflector. Suppose we have 
actual ground as a reflector, with an equivalent relative dielectric con- 
stant x, = 25 — j19.2, where 25 is the actual relative dielectric constant 
k, = k/ko of the ground and 19.2 = g = 1.8 X 10‘o/f with f in megacycles 
per second and o in mhos per meter.. The magnitude 25 shows that we 
deal with wet ground or soil, for which we find conductivity values of 
10-2 to 10-? mho/m. Taking co = 10-? mho/m, we have f = 1.8 X 
104(10-2/19.2) = 9.4 Mc/sec. In Fig. 232 on page 849, we have curves 
for the reflection coefficient p and its time phase ¢ for the index of refrac- 
tion n = 0/25 — 719.2. For 6 = 10 deg, we find for horizontal polariza- 
tion p, = 0.72, ¢, = 176 deg. Since Do = 1, we find from (8826) 


Py = V1 + 0.72? + 2 X 0.72 cos (176° — 177°) 
= /1.5184 + 1.44 cos (—1°) = 01.5184 + 1.44 cos 1° = 1.72 


in comparison with the value of 1.99 for a perfect ground reflector 
(c = ©). For vertical polarization, we find from Fig. 232, the values 
py = 0.7 and ¢, & 360 deg, 7.e., equal to 0 deg, and 


Pip = 0.142 /1 -F O17? 2 X 0.7 cos (0° — 177) 
= 0.142 1/1.49 — 1.4 cos 3° = 0.142 +/0.09 = 0.142 X 0.3 = 0.0426 


as against 0.0075 for a perfect ground. 

Table 51 gives the computations for every 10 deg of incidence 6 with 
respect to the normal to ground. Figure 250 gives the results for the 
mid-point of the half-wave antenna a height h = 14 above the reflector 
for vertical and horizontal orientation (for vertical orientation, the lower © 
end of the half-wave antenna just clears the ground). We note that for 


» 


Src. 165] SPACE RADIATION 917 


actual ground, the vertical radiation pattern, in the case of vertical polari- 
zation, no longer shows radiation as well as reception effects along the 
plane of the surface of the ground; while for a perfect ground, we have a 
decided ground surface radiation as well as reception effects. For hori- 
zontal linear antennas and horizontal polarization, the radiation patterns 
for actual and perfect grounds do not differ as much as would be expected 


8=10° Perfect ground 
and horizontal 
A/2 antenna 


gO° 2 fer horizontal 


Radiation cere aS 
of actual linear | 7-44 a Perfect ground 
A/2 radiator rhe VES S182 o=00 mhos/rm, metallic 
Vertical a2 ground is qvasi-perfect 
radiator 
just 50° 
ckaring Perfect ground h, effect 
metal tor vertical polarization 
reflector ojV2(/tcos O)for perfect 
60/| ground without D, effect 


SL” dgWVal reas b)=Py 
4 


tor quasi-perfect \& 
retieetor (neta plate) ks 


V2(I+c0s d) aa jo 
curve, ~~ ee as 70° 
ae sae Ka 


8=90° 
fer Aol hah 

radiation pattern f~ 1) /=2/2 (vertical half-wave radiator 
lifts off the ground é well above ground 80 that 
ground effect negligible) 

22! for a point Qq2 ees D for hay thin Me thear 

” source radiator : ‘ oe Sadiator in any meridian 

(isotropic radiator) Dezsin 8 fora very short linear radtafor, Plane for unobstructed space 


as wellas tor a Hertzian doubler 
radiator inany meridian plane of 
the radiator (radiator is polar axis) 


Fie. 250. This diagram applies, for instance, to wet soil from 0.94 to 9.4 Me/sec and any 
obstructing wave medium, satisfying x’ = 25 — j19.2, where 19.2 = 18,000¢ (mhos/m) / 
f(Me/sec), and 25 = x, = «/ko; ko = 8.854 X 10712 farad/m, and «x farad/m for the ob- 


structing wave medium; 6 = 720(h/A) cos 0 degrees; Pg = Dg V/2(1 + cos 4) for vertical 


antenna on metal reflector with 2(1 + cos 6) as reflector effect; Pa = V2 — cos 6) for 
horizontal antenna parallel with metal reflecting surface. 


from the reflection curves (Figs. 232, 233). Forh = 16yX, we find the eval- 
uations of Table 52. Figures 251 and 252 give polar plots for vertical 
and horizontal \/2 antennas with their mid-points either a quarter or a 
half wavelength above ground, for perfect ground (¢ = ©), as well as 
for actual ground, characterized by a relative index of electromagnetic 
refraction n = 1/25 — j19.2. Such an index refers to wet soil. From 
these illustrations, it will be noted that for a horizontal d/2 antenna, a 
distance h = \/2 above perfect ground, the vertical polar pattern looks 
about the same as for a vertical \/2 antenna, which is h = \/4 above 
actual ground. In each case, there is no radiation whatsoever along the 


SC 
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Zi 
4/4 (perfect 3 
sete o=c0) 30 
h=A/4lactual ground iN eee 40° 
and Kg=25-J192) ~ 
Lidslyiaers ae ae Reterence $2° 
circle Ui Sg A=A/e actual grour \Y circle 
/ WA hs areoniay aN \\ 
h=A/2 / values and causes \ 
actual effects along +Z, NES con 60° 
i 


ground, 


h=a/2 60°. 
quas!-pertect Ndi; 
ground (metal) \ I ase 
yey ——_——— 6=90° 


Center of A/2 
4 f/inear antenna 


Ground 


Lh a 


Vertical pattern for horizontal \/2 linear antenna for quasi-perfect ground and 


Fig. 251. 
actual ground of x.’ = 25 — j19.2. 


Refererrce 
circle 


40° 
‘4 


Reference 
semicircle 


60° 


(quas/-perfect- 
ground) 


h=4/4 (perfect grourid) 


p\og SS 


h=2/2 (actual grourd, 
Fie. 252. Vertical pattern of vertical half-wave linear radiator over quasi-perfect ground 


and actual ground for x.’ = 25 — j19.2. 
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horizon, since only elevated angle radiation up to a certain angle occurs. 
For still more elevation, we have no radiation. Therefore, actual ground 
causes the radiation pattern to lift away from the horizon. However, 
for h = \/2 over actual ground and with a horizontal \/2 antenna, there 
is no zero-radiation region on each side of the normal (@ = 0); while for 
the h = \/4 case over actual ground and a vertical \/2 antenna, the no- 
radiation region around the normal (6 = 0) is almost 40 deg, 7.¢., 20 deg 
on either side of @ = 0. 


TaBLE 52* 
d Peyee 
D oer Horizontal 3 antenna over perfect ground, Vertical 9 antenna 
r) cos 6) “ over perfect 
9, |from| cos @ nN fie ey aS ground, A = —6 
deg |Table =5= 
25 360° cos 6 
AS Rays ona i ae ia cos A | 2cos A 
180°— 6 2cosA 4/2 + 2 cos A 
0.0 |0.000)1.0000} 360 —180 |—1.0000;—2.0000)/0.0000 0.0000 1.0000} 2.0000 
10 |0.142/0.9848 354 —174 |—0.9945)—1.989 |0.011 0.1049 0.9945) 1.989 
20 |0.28 |0.9387 337 —157 |—0.9202|—1.8404/0.1596 0 0.9202) 1.8404 
30 |0.417/0.866 312 —132 |—0.6691|—1.3382|0.6618 0.8124 0.6691) 1.3382 
85 |0.485)0.8192 po): Gn RPP Ci c20-0 oi! loco conten ecugkcy ee [OER RESID 0.4067) 0.8134 
40 |0.556\0.766 276 —96 |—0.1045)—0.209 |1.791 1.338 0.1045) 0.209 
45 |0.619/0.7071 Py nn BEERS ioe dc > or llo soo ce. 40ll a aoe elm eere — 0.2756) —0.551 
50 |0.693/0.6428} 232 —52 0.6157) 1.2314/3.2314 TON —0.6157| —1.231 
55 10.76 |0.5736 2OT) 6 22 4iv-6:s-3 5 Seca P| re Guy atehs —0.891 |—1.782 
60 |0.816/0.5 180 0.0} 1.0000} 2.0000/4.0000 2.0000 — 1.0000) — 2.000 
65 |0.86 |0.4226 152)” [eee cv cel Mel emt skp |e Nts — 0.8829] —1.766 
70 |0.912/0,342 123 57 0.5446] 1.0892/3.0892 1.758 —0.5446) —1.089 
MEOLOSZION 2OSSt 95 — Vee caih eo cfsiebcsheeMMMPMerGetenevallisie cs cof | sie le Suede — 0.0523) —0.105 
80 |0.98 |0.1736 62.8 117. 2|—0.4571)—0.914 |1.086 1.04 0.4571) 0.914 
85 |0.99 |0.0872 31.4 148.6] —0.8536| —1.7072|0. 2928 0.5385 0.8536} 1.707 
87 |0.999/0.0523 1758) [ace cccce-s-c) Ree ececevevevell 0" Sara shane 0.9521} 1.904 
90 |1.000/0.0000 0.0 180 |—1.0000) —2.0000/0.0000 0.0000 1.0000} 2.000 
Vertical s antenna over perfect Vertical * antenna over actual ground, n = af 25 — j19.2, 
ground, ¢ = » mhos/m, A = —6é A = (gv — 6) deg, A = 1 + pr? + 2pv cos A 
6, Q 
Bele M580, 238" 
re > 
8 aes ~— 5! cosa “, 2p» = A 
a ~/2(1 + cos A) deg a 8 
= oT & 
i] rt N 
4. 2. 0. On qT. 1.4 2.89 
3. i 0. 0. ii ie 2.885 
20 3. its 0. QO. Le Te 2.783 
30 3. Ale 0. 0. i: hk. 2.427 
35 2. gM 0. 0. Ey 5 2.078 
40 |2. i 0. 0. T. uly 1.648 
SS |i. iby 0. 0. Ls Li, 1.152 
0. 0. O03 0. Ly i DS 0.723 
55 «0. 0. 0. 0. Ne de 0.399 
60 |0. 0. 0. 0. Ls iy 0.26 
ean 10. 0. 0. 0. 1s 0. 0.344 
70 = |0. 0. OF 0. ite 0. 0.533 
75 ihe ly i 0. 1. 0. 0.703 
2. Te ile 0. 1. 0. OF iz 
85 |8. iM ie 0. iL. 0. 0.49 
3. te ab 0.5 ik id 0.25 
4, 2. 2. 3 2. 2. 0.000 


* For h = 0.5\ and perfect as well as actual ground with index n = / 25 — 719.2. 
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TABLE 52.*—(Continued) 


Vertical * an- x 

Ponnatorerae Horizontal 3 antenna, over actual ground, n = 4/25 — 19.2, 

tual ground, n A = (gy, — 8) deg, A = 1 + py? + 2p, cos A 

=/ 25 —719.2 : 
6, 
deg J 

Boos eae. 
aE 2 (en — 8) Po = 
oF 7) 
VA DyVA ok oh eee cos A 2p, 2p, cos A| 1+ py? A vi | 
Ph Gh 

0.0/1.7 0.000 |0.7 {176 — 184 —0.9976|) 1.4 —1.398 | 1.49 |0.092 0.304 
10 +|1.697 | 0.24 |0.72 |176.4 |—177.6 |—0.9991| 1.44 —1.44 1.518 |0.078 0.283 
20 |1.667 | 0.47 |0.735)176.9 |—160.1 |—0,9403} 1.47 —1.38 1.54 |0.1602} 0.4 
30 |1.559 ee 0.753)177 .35) —134.65| —0.6902| 1.506 | —1.04 1.567 |0.527 0.728 
35 {1.442 ] 0. 
40 |1.284 | 0.706 |0.782/177.8 | —98.2 |—0.1426) 1.564 | —0.224 | 1.611 |1.3875| 1.18 
45 |1.072 | 0.66 
50 /|0.848 | 0.587 |0.82 |178.2 | —53.8 0.5906) 1.64 0.97 1.672 |2.6424) 1.625 
55 |0.632 | 0.48 
60 {0.51 0.415 |0.85 |178.68| —1.32| 0.9997) 1.7 La7 1.722 |3.4225| 1.849 
65 |0.5744| 0.495 
70 |0.728 | 0.662 |0.89 |179.1 56.1 0.5577|. 1.78 0.995 | 1.792 |2.787 1.67 
75 10.837 | 0.79 
80 |0.848 | 0.83 |0.94 |179.55| 116.75|/—0.4501| 1.88 —0.845 | 1.884 |1.039 1.02 
85 |0.7 0.693 
87 |0.5 0.5 
90 |0.0000; 0.000 PEE 180 —1.0000} 2.000 | —2.000 | 2.00 |0.000 0.000 


* For h = 0.5, and perfect as well as actual ground with index n = +/25—]19.2. 


At UHF’s the actual ground effect can be avoided by using a metal 
plate so as to simulate perfect ground, and we can use the reflection 
coefficients p» = +1 and p, = —1, respectively. We find then, for the 
vertical polar pattern, the simplified relations 


*. .ao = { for vertical polarization and | 
Po = De V2(1 + cos 8) \ vertical linear antenna 


ie aS for horizontal polarization and 
Fy 2 ips5c08 8) horizontal antenna (3820 


oll 
== 7X0) x 608 8 


which hold for any length of a linear antenna for an unobstructed direc- 
tivity pattern D» in the meridian plane with the antenna as the polar axis. 
As far as the shape of these polar patterns is concerned, Dp \/1 + cos 6 
and ~/1 — cos 4, respectively, are the determining functions. Table 53 
gives the numerical evaluations of these functions. As predicted by 
V1 + cos 6 and +/1 — cos 6, we have symmetrical curves as in Fig. 253 
with respect to 90, 3 X 90, 5 X 90, - - - of the variable 6. Any angle 
of 6 can be read off on these curves, and the value of 1/1 — cos 6 gives 
directly the Po» vertical polar directivity for a horizontal antenna 
and horizontal polarization if the unit of the scale is of no concern. 
For instance, for an angle of incidence 6 = 70 deg, h = 0.25\, we 


» 
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have 6 = 720° X 0.25 cos 70° = 180° X 0.342 = 61.5 deg, and Fig. 
253 yields 1/1 — cos 6 = 0.72 for 61.5 deg. Inasmuch as in formula 
(882c) we have Po = ~/2(1 — cos 4), which is \/2 1/1 — cos 6, we have 
to multiply 0.72 by 1.4142, yielding Pz = 1.019, as found in Table 51 
for 6 = 70 deg for horizontal polarization over perfect ground. It is 
then an easy matter to compute the respective P» patterns for perfect 
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Fig. 253. Characteristic functions for vertical and horizontal polarization over quasi-per- 
fect ground. , 


NX 


reflectors and either type of polarization and any h value. As mentioned, 
metal reflectors are used in short-wave work with extensions of only a 
few wavelengths. We found in Sec. 163 that such metal plates do exhibit 
practically a unity value for the coefficient of reflection, so that Table 
53 and the curves of Fig. 253 should be useful in practical short-wave 
work. Table 54 gives the evaluations for quasi-perfect reflectors and 
half-wave radiators. For vertical linear radiators, the ~/1 + cos 6 value 
of Fig. 253 must be multiplied with the unobstructed space directivity 
Dy, of the linear radiator in order to yield the Ps value for vertical polari- 
zation over metal reference planes. For vertical radiators (half-wave 
radiators), the height h must be larger than 0.25), since the extreme ends 
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of the half-wave radiator are high potential points. For this reason, 
the columns for h = 0.1\ and h = 0.05 cannot give possible physical 
spacings. Figure 254 gives the shape of the vertical polar pattern P» 
in the vertical ZX plane if the half-wave radiator is parallel with the 
metal reflector. The radiator then causes horizontally polarized waves, 
The patterns given for h/A = 0.25, 0.3, 0.4, 0.5, 0.6, 0.75, and h = X, 


TaBLE 53. EVALUATION OF THE CHARACTERISTIC FUNCTIONS FOR VERTICAL AND 
HorizoNntTaL POLARIZATIONS OVER PERFECT GROUND 
(¢ = « mhos/m) 


6, deg cos 6 1 + cos 6 4/1 + cos 6 1 — cos 6 1/1 — cos 6 
0.0 1.0000 2.0000 1.41 0.0000 0.0000 
10 0.9848 1.9848 1.4088 0.0152 0.1233 
20 0.9387 1.9387 1.3928 0.0613 0.2474 
30 0.866 1.866 1.3675 0.134 0.3663 
40 0.766 1.766 1.32885 0.234 0.4825 
50 0.6428 1.6428 1.282 0.3572 0.5974 
60 0.5 1.5 1/225 0.5 0.7071 
70 0.342 1.342 1.158 0.658 0.811 
80 0.1736 1.1736 1.0834 0.8264 0.9085 
90 0.0000 1.0000 1.0000 1.0000 1.0000 
100 —0.1736 0.8264 0.9085 1.1736 1.0834 
110 —0.342 0.658 0.811 1.342 1058) 
120 —0.5 0.5 0.7071 is 1.225 
130 —0.6428 0.3572 0.5974 1.6428 1.282 
140 —0.766 0.234 0.4825 1.766 1.32885 
150 —0.866 0.134 0.3663 1.866 1.3675 
160 —0.9397 0.0613 0.2474 1.9397 1.3928 
170 —0.9848 0.0152 0.1233 1.9848 1.4088 
180 —1.0000 0.0000 0.0000 2.0000 1.4142 


respectively. It will be noted that all maxima effects lie on a semicircle 
with a radius that is twice as much as would be the case in the absence 
of the horizontal metal reflector. The shape of the polar pattern changes 
radically as the elevation h of the radiator above the reflector changes. 
For h/X = 0.25, we have, for instance, maximum directivity along the Z 
axis (@ = 0 deg) and no directivity along the +X axis, since the P» pat- 
tern lifts away from the horizontal plane. For h/\ = 0.4, the directivity 
“dent’”’ around the Z direction is rather pronounced; and at 6 = +50 
deg, we have maximum directivity, so that a pronounced downward 
dent exists between —50 and +50 deg. For h/X = 0.5, the downward 
dent around @ = 0 deg is so pronounced that the P» pattern breaks up 
into two lobes with maximum effects along +60 deg directions. We have - 
then shadow zones around the Z axis as well as around the X axis, since — 


» 
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the respective lobes, which are symmetrical with respect to the Z axis, 
are lifted away from the horizontal plane with an upward inclination 
of 30 deg. For h/d = 0.6, the two side lobes have an upward inclina- 
tion of 25 deg, since maximum effects occur for 6 = +65 deg. We have 
also a lobe with a maximum along the +Z axis. This lobe would have 
a smaller maximum if h = 0.55) instead of 0.6X. For h = 0.75\, the 
central lobe broadens considerably and is tangent to the reference semi- 
circle, while the other two symmetrical lobes have only 20-deg upward 
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Fig. 254. Vertical patterns for a horizontal half-wave radiator over a metal plane in the 
XY plane. 


inclinations and are more elongated, but still tangent to the reference 
semicircle. For h = \, we have again no directivity along the Z axis. 
We have then four separate lobes at about 42.5 and 75 deg, upward 
inclination. Therefore, between h = 0\ to h = 0.5A, we deal with a 
single Py pattern; for h > 0.5\ to h < X, we have three lobes for the P» 
pattern; for h = d to h < 1.5\, we have four lobes, with no directivities 
along the Z and X directions; for h = 1.5\ to h < 2h, we have five lobes, 
etc. Figure 255 compares vertical and horizontal orientations of half- 
wave radiators for different elevations h above a metal reference plane. 
Since each representation in this figure compares horizontal with ver- 
tical antenna orientation, only respective half patterns are shown for 
the sake of clearness. Each half pattern when rotated about the Z 
axis yields the space pattern in unobstructed radiation space. The 
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upper left representation shows that for a vertical half-wave radiator, 
the directivity is decidedly along the horizon with weak high-angle effects. 
This is especially the case for h = 0.3. For horizontal half-wave radi- 
ators, we have again the corresponding patterns, as is discussed in con- 
nection with Fig. 254. We note that the h/A = 0.25 and h/d = 0.3 
patterns are both favorable for high-angle direction effects, up to straight 
upward directivity (9 = 0 deg), but not so for vertical half-wave radi- 
ators (left upper representation of Fig. 255). The Py» effect along the Z 
axis is twice as much for 0.25. = h with a metal reflector as without the 
reflector. This is expected, since a quasi-perfect reflector must double 
the effect along the Z direction, because the metal is a quasi-perfect 
mirror. For elevations that are h < 0.25x, the delay angle 6 = 720° X 
(h/X) cos @ degrees has, at its upper limit, a value that is smaller than 

= 180° cos 6, since this angle holds for the limiting case h/A = 0.285. 
Since Py = 1/2 +/1 — cos 6 for horizontal half-wave radiators, for 
6 = 0 deg, we have cos 6 < —1, and +/1 — cos 6 must be smaller than 
1/2 and P, < 2. The length of the Ps maximum can never reach the 
reference circle of radius 2. This is evident if we compare the P¢ pat- 
tern for h/A = 0.1 and h/d = 0.05 in the upper left representation of 
Fig. 255. Therefore when the horizontal half-wave radiator almost 
touches the metal reflector to which it is parallel, the P» pattern must 
essentially vanish. For such a case, the actual half-wave radiator and 
its image are so close to each other that owing to the antiphase condition, 
the total field practically vanishes. What is of interest in the upper left 
representation is that for a horizontal half-wave dipole, as well as for a 
vertical half-wave dipole, the space pattern is a surface of revolution 
about the Z axis. The middle representation to the left of Fig. 255 gives 
the comparisons for h = 0.4, showing that for the vertical half-wave 
radiator, a small high-angle lobe also exists. For h = 0.5), this addi- 
tional side lobe becomes more pronounced. 

166. Effect of Radiator and Receiver Antenna Location with Respect 
to the Actual Ground on the Received Electromagnetic Field. The days 
have passed when we dealt only with ground-to-ground communication. 
Therefore, we need to meet conditions where, for instance, a transmitter 
for television is located on a mountain and we wish to receive in a valley, 
at higher mountains, or, in some cases, in an aircraft at still higher alti- 
tudes. This places the elevation h; of a transmitter antenna high above 
sea level and the elevation of the receiver antenna at an entirely different 
he level. The resultant field in the radiation region where a receiving 
antenna is located may then be at a space region where we have a very 
strong resultant field. It may also be a region where a satisfactory recep- 
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tion is almost impossible, because we are in a destructive interference 
zone, which is a zone of no field. Such zones occur for short waves 
oftener in a certain space than for waves that are longer unless we use 
two carrier frequencies with one and the same modulation so that the 
strong fields for one wave fill out the weak field gaps of the other wave. 
We could also use a supersonic carrier-frequency ‘‘wobble,”’ which like- 
wise fills out the entire space with modulated fields, and have the receiver 
tuned to two or three carrier frequencies that, owing to the diversity 
effect, will always pick up a signal. The latter expedient requires a 
wider frequency channel because of the carrier-frequency swing. The 
subject of this section is to show what will happen if we have a carrier 
of a fixed frequency dependent on the locations hi and hy of the radiation 
and reception centers. 

Let us take first the case of flat ground with vertical as well as hori- 
zontal polarizations. Assume that we deal with a radiator and pickup 
antenna over wet soil with a relative dielectric constant x, = 30 and a 
conductivity of c = 10-? mho/m. We then find n = 1/30 — jq for the 
relative index of refraction in ground with respect to air, with g = 
1.8 X 10*[10-?/f™®]. Therefore, even for as low a value as 40 Mc/sec, 
we have g = 4.5, which, for the other limit of ¢ = 10-%, gives g = 0.45. 
Therefore, for frequencies above 100 Me/sec, we have essentially a 
quasi dielectric with n = +/30, and the reflection curves of Fig. 259 can 
be used. For the radiation center of the transmitting antenna at 7 
as in Fig. 256, we have this center at an altitude h; meters with respect 
to flat ground. By means of the image location 71, just as far below the 
ground, we can construct the ray diagram for a certain angle 6, of wave 
incidence. We find then the indirect ray T:Gi + GR, by producing 
T\Gi toward R,, which is a possible receiver location in the radiation 
region. By means of the normal 7,A; on 7{R; and the parallel 7,R, for 
a distant field point, we find the direct path 7;R: = r meters, and the 
indirect path TG, aa GiR, = T'Gi + Gik, = CAG + AiR, = di + r= 
2h: cos 61 + r. If it were not for the difference d; and the time phase 
of the ground reflection at Gi, the direct and the indirect waves would 
arrive at the distant receiver location Ri in phase. The amplitude of 
the direct wave at R, is &)/r and of the indirect wave p,&oe*?/(r + d1). 
We then have to use a phase factor e*-*) for the direct wave and 
elet+er-B+4)] for the indirect wave. According to the previous sections 
on the same subject, the resultant field at R; has a phase factor ¢/(@t+5+e) 
for 6 = (—720°nofhi cos 61)/(3 X 108) degrees and f = w/6.28 cycles per 
second. We can often take the atmospheric index no of refraction equal 
to 1 and find 
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Fre. 256. Graphical solution for the maximum field intensity for longer ranges. For flat 
earth surface, 71 and 72 are the symmetry (mid-) points of actual transmitter antennas 
(Ty and T?/ are their images). 

Direct path r to Ri and Re; indirect path r + dto Riand R:. A = ¢ — 2.4fh cos 6° 
for fin Mc/sec. 1, de, hi, he, and r are in meters. 


tical radiator is generally 6’ and the direction of the indirect ray toward 
ground is @ with respect to the radiator as well as the normal to ground. 
For horizontally polarized waves, the reference field intensity & at 1 m 
distance from the radiator in its equatorial plane is the same all around 
the radiation center, since the radiator is perpendicular to the paper in 
Fig. 256. We also found that 


A = ¢ — 2A4fhi cos 61 deg (883) 


where f is now in megacycles per second and h; in meters. The polarity 
of y depends then on the electromagnetic property of the reflecting 
medium. Thus, if the earth’s crust acts for certain frequencies as a 
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fairly good conductor in effect, we have for vertical polarization p= Py 
positive and a negative value p = p, for horizontal polarization. Since, 
in the short-wave range, wet and dry ground act essentially as quasi 
dielectrics, we find from Fig. 259 for wet soil that for angles of incidence 
@ up to almost 80 deg (exactly 79.7 deg), we have y, = 0 deg, at the 
Brewster angle for no reflection ¢, = 90 deg; and above this angle 
(9 = >79.7 to 90 deg), we have y, = 180 deg. This means that p, has 
negative values. For the entire range 6 = 0 to 90 deg, we have negative 
values for p;. Therefore, for all angles of incidence for horizontal polari- 
zation and angle 6 from about 80 to 90 deg, 7.e., 10-deg elevation to grazing 
incidence, for vertical polarization, reflection occurs with a loss of one-half 
wavelength (one-half cycle jump), because this corresponds to ¢ = 180 
time degrees. When, therefore, the path difference d; is such that a 
half wavelength also is developed along it, 7.e., di: = 4/2 = 0.5 X 
3 X 108/(10%f) = 150/f meters, where f is in megacycles per second, the 
direct and indirect waves arrive in phase at the receiver location. There- 
fore, for A = 0, 2 X 180, 4 X 180, '- - - deg, we have receiving points 
of maximum field intensity. For A = 180, 3 X 180, 5 X 180, - - -deg, 
we have field points of minimum field intensity. Suppose now that 
for a radiation center 7; in Fig. 256, the path difference d; is equal to 
\/2, z.e., equal to 150/f meters, and assume the case for which the reflec- 
tion coefficient causes an equivalent \/2 “jump” at reflection point 
G1; then at the reception center R1, we have a maximum resultant field 
condition for the angle 6; of incidence. Suppose we lower the radiation 
center to a point 7’, corresponding to an elevation hz over ground.. The 
requirement that field point Re is also a location of maximum resultant 
field condition necessitates the path difference d. = 150/f meters, 1.€., 
d; = dz. It is, therefore, necessary only to draw a semicircle about the 
ground point Go with a radius he and make T3A2 = dy. The line 74,4, 
then points toward the desired location R2, and the angle 727}A. gives 
the angle 42 of incidence that causes maximum resultant field condition 
at the reception center R2. We note, therefore, that the angle @ of inci- 
dence for which the path difference d = \/2 occurs«is all the smaller 
the lower the radiation center for a fixed frequency f. The smaller the 
angle @ the higher will be the altitude of the corresponding reception 
center & with respect to ground. Inasmuch as an inphase condition at 
F exists for every even multiple of 180 deg, .e., for A = 0, 2 X 180, 
4 X 180, 6 X 180, - - - deg, several angles of wave incidence may exist 
for which maximum resultant values of Se occur for one and the same 
frequency. A closer inspection of (883) reveals that for a given ground 
and fixed elevation /, of the radiation center, resultant field maxima can 
be obtained by varying either the exciter frequency f or the angle of 
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incidence or both, where the angle gy depends on @. It also shows that 
the product fh: generally gives a measure of what happens for different 
angles of wave incidence 6, since (883) can be put into the form 


A = ¢ — 2.4p cos 8; p = hf (883a) 


where p denotes the phase coefficient due to the radiation center, h; is 
the altitude in meters, and the operating frequency f is in megacycles 
per second. Since (883a) gives the same relative phase difference between 
direct and indirect fields at the receiving center as long as the product 
fhe remains fixed, we can satisfy a desired vertical elevation as, for 
instance, 90° — 6: for a maximum resultant field &z, either by changing f 
for a fixed height h; of the transmitting antenna center or by choosing 
h, for a given fixed frequency f. When both h,; and f can be readily 
varied, as for an airplane radiator, we have a very flexible expedient for 
causing maximum radiation effects at a desired reception center in the 
radiation field. We then choose for a known value of ¢ (taken from 
curves for the reflection coefficient and its phase) the value of p = hif 
such that 2.4p cos @ together with ¢ yields 360 deg or any other integer 
multiple of 360 deg. Quite often, minimum values of &z are of concern, 
since they may account for regions of reception centers of essential zero 
field intensity. All that is then necessary is to choose for p in (883a) 
such a magnitude that A comes out — 180 deg or any odd-integer multiple 
of —180 deg. 

167. Numerical Data of the Effect of the Transmitter Antenna 
Location on the Resultant Space Field for Comparatively Short Ranges. 
In Sec. 166, it is assumed that the range r to the receiving center in space 
above ground is large compared with the location of the radiation center 
above ground. Direct and indirect rays are then essentially parallel, 
and the foot point Ai on 7{R, in Fig. 256 is then given by the normal 
TA, on Thi, which is also normal to T,R;. For short waves, we may 
have conditions for which the radiation center T as’ well as the reception 
center F are as in Fig. 257. The altitudes h; and h, are then no longer 
negligible in comparison with the range r, and r and r2 are no longer parallel. 
We deal then with a direct ray TR = r and an image ray 7’R = r + d, 
which are not parallel but make an angle TRT’ = 6’ — 6, where @ is the 
angle of incidence of ray TG = r: with respect to the normal to ground 
and @’ is the angle of the direct path [R = r with respect to the normal 
to ground. The geometry and the associated formulas in Fig. 257 show 
that in order to satisfy the normal 71A, of Fig. 256 on both the direct 
and the image rays, we must describe in Fig. 257 an arc 7'A about R, so 
that direct and image rays become perpendicular to this curved projec-. 
tion at 7 and at A. The foot point A then again divides the image path 
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T’R into the path difference 7’A = d and a length AR, which is equal to 
the direct range r. Since the heights h; and h, are known! as well as 
the separation D, which for flat ground (short-distance communication) 
is horizontal, for curved earth (long-distance communication) D can be 


Ss , Abproximately AZ 
O_ acircle(for a: 
details Fig, 258) memset) +fz)sirn @ a 
‘> yc ; 
ey ke sir. O=O. 811 @=D> 
: | u i | 


Exact 
c/rcle — 
of radius | 


Horizontal al? radiator 
points along the Y 
airection(into the paper) 


7 ae EY D yy ee Le 
Direct Path r = 1/D® + (hy — hy? em ao) ee 
A 7) 2 Re \2 @ = tant (2 = gin Ll D 
Indirect Path r) + ro = ~/D*® + (hy + hp) aa het) a aa risers 
Path Difference d = 11 +72 —1; = sin“! ( D ) 
7 42a 


Fig. 257. For relative short ranges at VHF’s and UHF’s, we must distinguish between 6/ 
and 6, since TR and GR are no longer parallel (we have also a limiting angle 0). Phase 
delay of indirect field relative to direct field at Ris A = ¢° — 1.2fd°. gis phase jump at 
reflection point G. Straight-line propagation case (no = 1). T and R are transmitting and 
reception centers; all dimensions are in meters and f is in Mc/sec. 


taken parallel with the tangential plane through the reflection point G, 
where respective heights h; and h, are taken radial, or D can be taken as 
in the case for flat earth just as the directions of h; and h,, except that 
h, and h, are produced as far as to the tangential plane as is explained.” 

’For irregular earth surface h; and h, are the distances to the tangential plane 
through the reflection point G. This point is so chosen that the angle of incidence is 
equal to the angle of reflection. For details consult A. Hunp, “Frequency Modula- 
tion,” p. 143 and Fig. 38, McGraw-Hill Book Company, Inc., New York, 1942. 

2 Ibid. 
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In each case, the geometry will lead to suitable expressions. According 
to Fig. 257, the path difference can be computed from 


d= VD? + (hr + hu)? — WD? + (ty — hu)? ~~ m_—_ (8838) 


which for D?>> (h, + hi)? and (h, — ht)? yields the approximation 
d & 2h:h,/D. This approximation however, does not always apply for 
the condition of Fig. 257 dealt with in this section. For any angle of 
incidence 6, we can compute the path length 7; of the ground incident 
beam and the length r, of the reflected beam, since the distances D; and 
D, are known for given radiation center T and reception center R loca- 
tions. Since 1.2f, for f in megacycles per second, denotes the portion of 
the wave distribution along a linear path in air in degrees for each meter 
of the path, we find, for a phase ‘‘jump”’ ¢ degrees at the reflection point 
G, a phase delay 
= o° — 1.2fd deg 


which yields maximum resultant field intensities for A = 2 X 180, 
4 X 180, 6 X 180, - - - deg, while field minima occur for A = 180, 
3 X 180, 5 X 180,.: - - deg. We have different angles 6’ and @ for the © 
direct beam 7'F and the image beam 7’R and at the receiving center R 
a resultant field 


Glvoltsym) Dy&o PvD So 
R r - 


ei(ot—Br) 4 Pol 090 slut or—B(r+d)] 
+d 


for vertical polarization 


@(volts/m) &o i (ot—Br) oe pnr&o ellwtt+ei—B (r+d)] 
ee r r+d 


for horizontal polarization 


cos (90° cos 6’). cos (90° cos @) 


Des sin 6’ : oo sin @ (883¢) 


, D a Dan; 
6 tan (2) = sn (2), 


D : 1D) 
ated, —1 =; ae 
¢ = tan (; x) = sin 2) 


The application of (883c) is relatively simple. For the case of horizontal polariza- 
tion over wet soil, we can use the reflection curves of Fig. 259 and note that for all 
angles of incidence, g; = —180 deg. Suppose we have a horizontal half-wave dipole 
100 m above such soil (then h; = 100 m) and we are interested in what happens at - 
different altitudes at a horizontal separation of 2,000m. Then D = 2,000m. Since — 
gn = —180 deg, we obtain field maxima for 1.2fd = 180, 3 X 180, 5 X 180, - + - deg. 


for a , radiator 


~ 
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For a 100-Mc excitation, this may happen for a path difference d = 180/95 = 1.5m, 
ax156=45m,5 X 1.5 = 7.5m,7 X 1.5 = 10.5 m,13.5m, 16.5m,19.5m,... 


Minimum field effects occur for 1.2fd = 2 x 180, 4 x 180, 6 X 180, - - - deg. For 
a 100-Me excitation, we find d = 36% =3m,6m,9m,--. path difference. 


From a knowledge of D = 2,000 mand h; = 100 m, we can compute the corresponding 
altitude h, for the receiving center by means of formula (883b). This is by no means 
an easy numerical evaluation unless we can apply the approximation d ~& 2hih,/D. 
It should be noted that for the above numerical values of D and hi, not all angles 9 
of incidence from 0 to 90 deg are possible, since according to Fig. 257, for angles 6 = 
# and larger, 7.e., from this limiting angle on, a reflected beam is no longer possible 
for a horizontal separation D. This limiting angle is found from tan (90° — 61) = 
hi/D = 100/2,000 = 0.05, yielding 90° — 6, 22.9 deg or 6; = 87.1 deg. For 
different possible angles of incidence, we then obtain the computations of Table 55. 
After finding the path difference d for 100 Mc /sec, we have 120d degrees time lag due 
to d. It is only the fractional portion of 360 deg that is of interest, since for every 
360 deg we have the same phase condition again. For this reason, we consider only a 
corresponding length d; smaller than a full wavelength for each d value found in Table 
55. If, therefore, we take the case for 6 = 60 deg incidence, we find first the ratio 
d/X = 954 = 31.667. This means that the path difference d accounts for 31.667 
wavelengths, or 31) + 0.667. Calling & the number of complete wavelengths in d, 
we have, in this case, k = 31; and calling k’ the number of fractional wavelengths, 
we have k’ = 0.667. We have the general relations 


@=k+khX=hA +a m; d; =d—ky» m (883d) 


Applying (883d) to the above example, we have d; = 95 — k= 
95 — 31 X 3 = 2m, since d; = k’\ = 0.667\ = 0.667 X 3 = 2m. We 
use then only the portion d; and have 


A= 9 — 1.2fd = » — 1.2fd, deg = —180 — 120 X 2 = —420 deg 


It is only the excess over 360 deg or integer multiples of 360 deg that 
counts, and the phase delay is —60 deg or A = —60 deg, since —420 = 
—360 — 60. For all values in Table 55 for which d = ky and k = 
1, 2,3,4,..., we have A = —180 deg and a minimum resultant field 
&x. For 6 = 10 deg, we have antiphase conditions and find, for hori- 
zontal polarization, the maximum values 


See nS | ee 
erg 5) | Rae r Phe td 
s ae — 0.695 X 0.99) = 2.71 X 10-6) _volts/m 


The angle @ = 10 deg in Table 55 corresponds to a reception center R, 
which is h, = 11.29 km above ground. We used (883c) for this evalua- . 
tion, with the reflection coefficient p. The coefficients for vertical as 
well as horizontal polarization are based on plane wave fronts. There- 
fore, not too much faith can be put in evaluations close to ground that 
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TaBLE 55. TRANSMISSION OVER Wet Sort aNp HorizonTaL POLARIZATION* 


r r= D = 
sin@ = | tan 6 KOs ae Z r+d= a= Hy of = is 
6, D D a Realy) 0) pe een arene 6 = r 
deg : tan 6 ; GON =a _ |tan-1(a)°}. sin 6 | sin 6’ 
Pirie pecan tan @ my 100 m pg Me numeric numeric m 


10 | 0.1736 0.1763 | 11,390 | 11,290 | 11,500 | 11,190 0.179} 10.15 | 0.176 | 11,380 
20 | 0.342 0.364 5,510 5,410 5,840 5,310 0.376) 20.6 0.3518} 5,690 
30 | 0.5 0.5774 3,475 3,375 4,000 3,275 0.610) 31.4 0.512 3,905 
40 | 0.6428 0.8391 2,385 2,285 3,100 2,185 0.916) 42.5 0.6756| 2,965 
50 | 0.766 1.1918 1,680 1,580 2,610 1,480 1.35 53.5 0.8039} 2,490 
60 | 0.866 1.7321 1,158 1,058 2,310 958 2.09 64.45 | 0.9022} 2,215 
70 | 0.9397 2.7475 728 628 2,185 528 3.8 75.25 | 0.967 2,075 
80 | 0.9848 5.6713 354 254 2,030 154 13 85.6 0.9971) 2,010 
85 | 0.9962 11.43 175 75 2,008 —25 |—80 90.7 0.9999; 2,000 
ee eS ee 
Path dif Go/(r + d) 
8, ee, d = d ye +k’) an Time lag A = gn — | From &0/r 
degiid = @ + » 3 an d — 3k | 1.2fdi1 = —180 — 120d: | Fig. 259 cope 
d) —rm| Bumeric = 3k’ m deg ph r+d 
numeric 
10 120 40 (40 + 0) 0 —180 0.695 0.99 
20 150 50 (50 + 0) 0 —180 0.705 0.97 
30 95 31.667 | A(31 + 0.667) 2 — (180 + 240) = —420 0.725 0.979 
40 135 45 (45 + 0) 0 — 180 0.75 0.957 
50 120 40 (40 + 0) 0 —180 0.785 0.952 
60 95 31.667 | (31 + 0.667) 2 —60 0.83 0.913 
70 60 20 »(20 + 0) 0 —180 , 0.88 0.975 
80 20 6.667 | (6 + 0.667) 2 —60 0.94 0.99 
85 8 2.667 | (2 + 0.667) 2 —60 0.97 1.000 


* D = 2,000 m, h = 100 m, f = 100 Mc/sec, \ =,3 m (see Fig. 257). 

Remarks: —420° = —360° — 60° or —60°, in effect; X = 3°% 99 = 3m. 
owing to its surface departure from plane ground, give, to begin with, 
a wave front of the reflected wave that is no longer plane. For @ = 20 
deg corresponding, according to Table 55, to a location h, = 5.41 km of 
the receiving center above ground and 6 = 40 deg with h, = 2.285 km 
altitude, we find in the same way 


-. ©0 (a 
Exo" wr (1 nt) - an 


= 5.62 X 10-*g, ; volts/m 


S40? = (1 — 0.75 X 0.957) = 9.48 XK 10-*& 


2,965 we 
For 6 = 70 deg, corresponding to a reception center of altitude h, = 
628 m, we find 


E70 = 


sat st (1 — 0.88 X 0.975) = 6.24 X 10-8) —-volts/m 


> 
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Taking the case for an incidence 6 = 30 deg corresponding to a reception 
altitude of h, = 3.375 km, we must deal with a time delay of 60 deg, 
1.€., a phase factor e~/6” = cos 60° — j sin 60° = 0.5 — 70.866. We can 
then assume the field &/r of the direct wave at R along the real axis and 
the image field p;lr/(r + d)](60/r) lagging 60 time degrees behind. Hence, 
we may add both fields as though in phase but must multiply the image 
field by cos A = cos 60° = 0.5. This leads then to the formula for hori- 
zontal polarization, for any time delay, 


& vags m) 


3|& 


0 ( + pr . 7 0° a) (883e) 


and the applications 


.— rahe (1 + 0.725 x 0.979 X 0.5) = 34.5 X 10-58 ——_-volts/m 
? 
&o 


Ber = ao75 (1 + 0.83 X 0.918 X 0.5) = 62.2 X 10-%& —_volts/m 
eo: = min (1 + 0.94 X 0.99 X 0.5) = 72.8 X 10-6, —_volts/m 
ee 8 (1 + 0.97 X 1 X 0.5) = 74.25 X 10-8 —_-volts/m 

= er (1 — 0.785 X 0.952) = 10.1 X 10-8 —_volts/m 


showing well the minimum conditions in comparison with values corre- 
_ sponding to 60 deg time lag for the arriving image field. The maximum 
values for which inphase addition occurs, 7.e., for which cos A = 1, are 
completely missed for the angles 0 of incidence used in Table 55. 

It is now of interest to get numerical data for vertical polarization 
and to compare the results with those for horizontal polarization. From 
formula (883c), we note two essential differences, one with respect to 
_ the reflection coefficients p, and p,, for respective polarizations, and the 
other with respect to the two directions factors Dy and Ds. We note 
from the curves in Fig. 259 that the magnitude of p, varies over the total 
possible range, 7.e., 100 per cent. With respect to Dy and Ds, both fol- 
low the same law for a given radiator length in terms of the wavelength 
distribution along it. But for the conditions of Fig. 257, the incidence 
6 is generally not at all equal to 6’, since we deal with relatively short 
ranges r. By range is always meant the shortest distance from the 
radiation center 7 to the receiving center R in the case of rectilinear 
propagation. In the presence of atmospheric refraction, the actual 
direct path is curved and r is, in effect, the length of the curved path. 
Tf still longer ranges are obtained owing to diffraction, the ray theory 
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no longer applies. Figure 258 shows what happens for vertical polariza- 
tion in comparison with a point-source radiator. Again calling & the 
hypothetical maximum reference field intensity at 1 m distance from the 
radiation center due to radiation only and based on the inverse distance 
law, the vertical radiation pattern is a circle in the ZX plane. The 
circle has a radius of &) volts per meter, if 7’ is the point source as well 
as the center of the circle (if taken for the conditon of 1 m distance). 
The space pattern is, therefore, a sphere. A point source is hypothetical 


45° 
Z(vertical) D=p,,. = (900s 60°) cosl05x909 
4A CEC" sin 60° 0866 
= oral. 0.816 against 
0.866 holding for 
avery short 
linear radiator 
cos (90°Cas 8) : 
Dg €o= eae Ee 2 tor vertical 


half-wave 
radiator 


: 1 Ls i * . 
Fora singlet radiator” ie Fe ie Oé-Esin 0 (for a Hertzian Doublet 


(an /sotropic point and a differential linear 
source) we have uniform radiator); holds also fairly 
Directivity in all directions well fora very short radiator 
in unobstructed radiation space 


Fie. 258. Radiation patterns in any meridian plane for a half-wave radiator, a very short 
linear radiator, and a point source. 

but a ready means of comparison with actual radiator actions. If we 
use a two-point source connected through a thin conductor of infinitesimal 
length, we have a Hertzian doublet radiator. We deal then with a fixed 
current distribution along the infinitesimal length. The doublet is, in 
effect, the same as an infinitesimal current element radiator. In either 
case, we find the meridian pattern made up of two circles each of radius” 
& in the ZX meridian plane. Since these directivities apply to any 
meridian plane with the infinitesimal radiator element as the polar axis, 
we have again a space pattern that is the figure-8 pattern rotated about 
the Z axis. The 8 is lying down in this pattern. For an angle 6 with the 
linear radiator, we have the relative field D»&, since the factor 2 in 2&) 
is fixed. The directivity of the infinitesimal linear radiator is then Dy = 
sin 6, and D,&» is the corresponding field effect > sin 0 in any @direction. 
For a half-wave dipole or any half-wave radiator, we have in any meridian 
plane of the half-wave radiator D»s&) = [& cos (90° cos 6)]/sin 6. We | 
can now proceed with Table 56 for vertical polarization. Some of the | 
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Tasiy 56. A Verticat Haur-wave Rapiator AT AN ALTITUDE h, MrrEeRs ABOVE 
Wer Sort ror A Horizonta Separation D = 2 Km anpf = 100 Mc/sxrc, Yreipina 
A = 380% 99 = 3 Merers (Fic. 257) 


a) 
Taken from Table 55 
=) 
sin @ = = ae Dy = 
6, deg D cos 6 s 2 cos (90° cos 6) Path 
r+d 3 2 sin 0 an differ-| 9’, r, |r-+d,| di, 
a ence | deg m m m 
= d,m 
8 
10 0.1736)0.9848) 88.7| 0.0227 0.1305 11,290} 120 /10.15/11,380)11,500| 0 
20 0.342 |0.9387| 84.3) 0.0993 0.29 5,410} 150 |20.6 | 5,690} 5,840) 0 
30 0.5 0.866 | 78 0.2079 0.416 3,375 95 |31.4 | 3,905} 4,000] 2 
40 0.6428/0.766 | 69 0.3584 0.556 2,285} 185 |42.5 | 2,965) 3,100] 0 
50 0.766 |0.6428] 58 0.5299 0.69 1,580} 120 |53.5 | 2,490} 2,610} 0 
60 0.866 |0.5 45 0.7071 0.816 1,058 95 |64.45| 2,215) 2,310} 2 
70 0.9387/0.342 | 30.8} 0.859 0.912 628 60 |75.25) 2,075) 2,135) 0 
6B = 79.7) 0.9839|0.1788] 16.1) 0.9608 0.975 262 21 (85.5 | 2,011] 2,032) 0 
80 0.9848/0.1736| 15.7) 0.9627 0.98 254 20 |85.6 | 2,010) 2,030] 2 
85 0.9962|0.0872| 7.8] 0.9907 0.999 75 8 |90.7 | 2,000) 2,008} 2 
Reflection bo Ss 
coefficient . &0/(r + 4) mS a From Dye 
Reco | ee ee ® 5 |Table oD ae 
6, deg gv — 120d1, F cos 6’ 2 om 5B cos (90° cos 6’) 
——_—_——_—— deg = o S nee, sin 6’ 
r+d S - sin 6 
Pv gr? ‘y 8 
10 0.691 0.0 0.0 0.99 0.9843! 88.5 |0.0262|0.176 0.149 
20 0.69 0.0 0.0 0.97 0.9361) 84 0.1045|0.3518 0.297 
30 0.675 0.0 — 240 0.979 0.8536| 77 0.2250/0.512 0.439 
40 0.62 0.0 0.0 0.957 0.7373) 66.2 |0.4035|/0.6756 0.597 
50 0.562 0.0 0.0 0.952 0.5948) 53.5 |0.5948/0.8039 0.74 
60 0.47 0.0 — 240 0.913 0.4312) 38.9 |0.7782|0.9022 0.861 
70 0.311 0.0 0.0 0.975 0.2546] 23 0.9205|0.967 0.952 
6B = 79.7\0.000} —90 —90 0.98 0.0785 7.06/0.9923/0.9969 0.995 
80 0.018/—180 |—(180 + 240) 0.99 0.0767 6.9 |0.9928/0.9971 0.996 
85 0.76 |—180 — 60 1.000 |—0.999 |—89.9 |0.0017|0.9999 0.0017 
Remarks: For the incidence of @ = 80 deg, we find the time lag A = —(180 + 240)° = —420° = 


ll 


—360° — 60° = minus a complete cycle minus 60 deg. Therefore, A —60 deg, 68 is the Brewster 


angle of incidence. 


values of Table 55 can be used directly in Table 56 for vertical polariza- 
tion. From the phase-delay values of A degrees in Table 56, we note 
that for the angles @ chosen, we have straight inphase additions for the 
direct and image field arrivals at the centers R in Fig. 257, which are 
11.29, 5.41, 2.285, 1.58, and 0.628 km above ground if the horizontal 
separation D of radiation center 7 and reception center R is 2 km, since 
these altitudes correspond to A = 0 deg delay. At the Brewster inci- 
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dence 6s = 79.7 deg, the down-coming wave energy goes completely into 
the wet soil; and at the reception center R, only the direct field can be 
effective. 
For any possible angle 6 of ground incidence, formula (883c), expressed 
in amplitude! values, yields then for vertical polarization 
Do &o PvD 6&0 <iA 


Er = ee 


A Pe oF volts/m 


In the factor &4 = cos A + 7 sin A, it is the real part that counts, and 
realizing that 


&o ms ii &o 

r+d r+dr 

leads to the formula for vertical polarization 
&r = — (De + pp —— ov 7 Ds cos a) volts/m (883f) 


Applying this result for a height h, = 11.29 km, we note from Table 56 
that such a location of the receiving center R corresponds to a phase 
delay A = 0 deg, yielding cos A = 1 and 6 = 10 deg. We have then 
r = 11.388 km, r+ d = 11.5 km, Ds = 0.1305, De = 0.149, and p, = 
0.691. This gives the solution | 


0.691 X 11.38 X 0.1305 
11.5 


10 = 0.149 + ) = 2.08 x 10-*&> 


volts/m 


bi ria ( 


At an altitude h, = 262 m for the receiving center R in Fig. 257, we have 
py = 0, since 6 = 63 = 79.7 deg is the polarization angle and only the 
direct field can arrive at R. We have then 


EOE yy, 22 
Bete Path: rh 


5&o volts/m 


Computing the resultant receiving field &% for all other significant angles 
of incidence (for obtaining a curve), we find by means of (883f) the com- 
parisons given in Table 57. It will be noted that formula (883f) also 
holds for horizontal polarization if we replace p, by p, and ¢, by gp. 
We then have also the directivities Dy and D, equal to unity. If we 
compare the time delay A in Tables 55 and 56, we note that for wet soil 
(for short waves) and generally for all ground, the soil behaves like a 
quasi-dielectric mirror. The direct and indirect fields act against each 
other for certain angles of incidence (6 = 10, 20, 40, 50, 70 deg) in the 

1 The effective field at R is &r/1.4142 volts per meter. 


> 
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case of horizontal polarization. For vertical polarization, we have 
algebraic additions of the fields. Such addition means maximum field 
gain due to the full image field, while antiphase conditions (A = —180 
deg) means a loss of field intensity due to destructive interference of the 
reflected wave at R with the direct wave. Therefore, if we use a 45- deg 
radiator with respect to ground (a 45-deg electric planation breaks up 
into a horizontal and a vertical & field), we obtain the benefits inherent 


TaBLE 57. ResutTanr Space Fietp INTENSITY FOR VERTICAL AND HorizonTan 


POLARIZATIONS AND Wer Grounp, 7.e., Wer Soru 
i a ee 


Altitude Vertical polarization : 
Horizontal 
h, of re- Babel ¢: 
cine 6, , polarization 
center aoe! cos A| Dg r Meee aay Do | &e X 10-*6>, | 8x uae 
R,m rd SeconiA volts /m volts /m 
11,290 |10 | 0.99 | 1 {0.149 /11,380} 0.089 2.08 Pfft 
5,410 /20 | 0.97 | 1 {0.297 | 5,690}. 0.194 8.65 5.62 
3,375 |80 | 0.979) 0.5 |0.489 | 3,905) 0.1375 thet 34.5 
2,285 |40 | 0.957) 1 |0.597 | 2,965} 0.329 31.25 9.48 
1,580 |50 | 0.952) 1 |0.74. | 2,490) 0.37 44.7 10.1 
1,058 |60 | 0.913) 0.5 0.861 | 2,215) 0.176 30.8 62.2 | 
628° 70 (50.975) 1 |0.952 | 25075), 0.277 59.2 6.24 
262 |79.7/ 0.98 | 0 0.995 | 2,011) 0.000 49.5 = 
254 |80 | 0.99 | 0.5 |0.996 | 2,010) 0.087 53.6 72.8 
75 |85 1.000} 0.5 |0.0017| 2,000) 0.19 9.58 74.25 
ec a a le ll 


* Brewster angle of 79.7 deg has no reference to horizontal polarization. 
Remarks: For a horizontal separation D = 2,000 m, a fixed radiation center altitude hi = 100 m, 
a variable receiving center altitude hr, f = 100 Me/sec. 


with either type of polarization. The field pattern over ground will 
then not show pronounced minima and maxima effects. Figure 259 
is a plot for the resultant field intensity &: at the reception center R for 
either type of polarized radiation, together with the reflection curves 
(which are effective at 100 Mc/sec and higher over wet soil). The angle 
6 of wave incidence is also marked with the corresponding altitude h, 
of the reception center F for a 2,000-m horizontal spacing between radia- 
tion and reception centers. It is understood that the straight connec- 
tion lines between &z points of same polarization are only field values, 
where marked, since extreme values and between values of &z are missed 
by using only 10-deg intervals for the @ values of Tables 55 to 57. The 
&r fluctuations with altitude h, and a fixed transmitter altitude h, are 
more pronounced for vertical polarization, since we have “hit” some 
direct algebraic additions of direct and image fields of arrival, but we 
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have completely missed altitudes of algebraic subtraction (minimum 
effects). In Table 56, we have found only time delays A = 0 deg, 
—60 deg, and —240 deg. Since &4 = e760” = cos 60° — j sin 60°, we 
have to multiply the arriving image field by 0.5. For the phase factor 


1.0 


-2,000m-\ ReR, 4 
Radiation r =A «Reception 
arse center 
0.9(— center hp Ase a fy 


7 7 
Wet SoH : 


n=V30 at 100Mc/sec . “A 


Eq nhtEOslO 


10x10°Eo 


= 
i) 


aa 


Connecis computed 
points of Ep for a vertical 
half-wave radiator 


So 
ip 


reflection coefficient 
Oo 
aon 


a 

03 

0.2 

0. 

0 ? . 0 
0  e0° 20° 30° 40° 50° 60° B0°+8=90° 
hr 11,290m 5410 3375 2,285 1580 058 628 | 254 hr=75m 


Fig. 259. Resultant space field for a 100-megacycle wave propagation over wet ground for 
a horizontal and a vertical half-wave radiator. Only © and [] points have a meaning. 

4 = € 74" = cos 240° — 7 sin 240°, we have to multiply the arriv- 
ing image field by (—0.5). For horizontal polarization, we have 
completely missed the maximum conditions (algebraic additions), but 
have hit several minimum conditions (corresponding to A = —180 deg, 
antiphase conditions). We also note that @ = 10 deg gives a minimum 
and @ = 20 deg gives another minimum condition for horizontal polariza- 
tion. Hence, @ = 15 deg looks like a reasonable angle for expecting 
either another minimum resultant effect A = —180 deg or a maximum 


effect, for which A = —360 deg or any integer multiple of it. We then — 


find, just as in Table 55, 6 = 15 deg, sin 15° = 0.2588 = D(r + d), 


> 
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tan 15° = 0.2679 = D/(h, + hi), he + hy = 2,000/0.2588 = 7,480 m, 
yielding h, = 7,380 m, r+d = D/sin @ = 2,000/0.2588 = 7,750 m, 
D/(hr — he) = 2,000/7,280 = 0.275 = tan 6’, 6 = 15.4 deg, sin 6’ = 
0.2656 = D/r, r = 2,000/0.2656 = 7,510, which renders (r + d) — r = 
d = 7,750 — 7,510 = 240 m, d/d = 24% = 80 full wavelengths, giving 


another A = —180-deg condition, since d; = 0. From Fig. 259, we find 
for 6 = 15 deg, the coefficient p, = —0.7, the minus sign expressing 
antiphase condition, i.e., A = —180deg. We have then for the resultant 
field at R, which is 7,380 m above the ground, 
_ & ae 7,010 \euee ; 
Eisc = 7510 (1 0.7 a = 4.25 X 107°& volts/m 


From the values 6 and @’ in Table 55, we note that the difference 6’ — 6, 
even for this short distance D = 2,000 m, is relatively small, being a 
maximum for @ = 85 deg. We have then 6’ — @ = 90.7 — 85 = 4.7 
deg, which is 479¢5 = 5.52 per cent only of the angle of incidence. For 
the other extreme, which is @ = 10 deg, we have 6’ — @= 0.15 and 
154 = 1.5 per cent only of the angle of wave incidence. Therefore, for 
larger horizontal separations, say D = 10 km and more, little error is 
made by assuming 6’ — 6 Odeg. This means that the direct and the 
reflected rays are parallel, and we can use formula (883). The error for 
§ = 85 deg is then found, according to the formulas and the geometry 
of Fig. 257, as 

Dee W),000° 
tan@ 11.48 


hth, = 875 m 


yielding h, = 775 m and h, — hk; = 675 m; hence 


D 10,000 
Yh aes —1 —_. —l d — al pee fe) 
@ =ttan (i: ‘) = tan (on ) = tan! (14.8), = 86.15 


and the error is 115¢, = 1.385 per cent only. A horizontal separation of 
10 km corresponds to a distance of only 6.214 statute miles. For a hori- 
zontal separation of 10 miles and more and a transmitter location as in 
this example, the parallelism of direct and reflected ray is then a justified 
assumption. 

168. Numerical Examples of the Resultant Space Field for Large 
Angles of Wave Incidence. This condition corresponds to the geometry 
of Fig. 257, where the incident 7G and the reflected GR rays make com- 
varatively small angles with the tangential plane through the reflection 
point @ if curved earth is taken. The tangential plane is then the XY 
plane of Fig. 257, the Y axis being normal to the paper. Suppose we 
assume a horizontal distance D = 20 km and take the location of the 
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radiation center 7 such that h; = 100 m. The limiting angle 6;,, from 
which reflections are no longer possible, is then 6; = tan-! (D/h) = 
tan (200) = 89.7 deg. This angle requires that h, = 0. If we work 
with a vertical half-wave dipole, in the case of 100-Mc waves, the lower 
end of the 14) antenna must at least clear the ground. 


D 
ae Fe Horizontal plane ] 
| Horeargal through radiation ; | 
(as on center T 6-0 
1 toy, RRM os a R 


a 
O et = — yXo 
tht gs 
Ui eae). Tangential plane fo ground 
(through retlection point G) 
Fie. 260. The shaded path triangle is shown exaggerated, since 6’ — @ is vanishing in our 


application. TR =r; TG +GR =r +d = T’R; d is path difference; 6, limiting angle 
90° — & = tan™! (hi/D); 6 = 89.7°; D = 20,000 m; hk = 100 m. 


Inasmuch as we are interested only in rays for which @ is large (close 
to 89.7 deg), we find that for (h, + h.)? as well as for (h, — h,)?« De 
the indirect path in Fig. 257 as well as the direct path is 


nbn = VDIE Ge Fh) = D s/t + Ge Eh : | 
Be: 1 (hp + ha)? 
~p [145% em") 


wooo 1 (hy — hy)? (8839) 
r= V/D? + th, — hye = D| 1 +5 ee 
with a path difference 


2Qhih, 
D 


d=n+re—7; d= 


This formula is easy to evaluate numerically, compared with the rigorous 
formula (883b). We find then for the above values of D = 20,000 m 
and h; = 100 m, the expression d = 10-%h, meters. For a reflector that 
is good enough as a conductor compared with its dielectric effect, we have 
gn = —180 deg for horizontal polarization and ¢, = 0 for vertical polari- 
zation. Relation (883g) is then a ready means of finding at which alti- 
tudes of the receiving center we have inphase and antiphase additions 
of the direct and indirect fields, since 
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Ron 5 4 fhth, for vertical polarization (for good con- 
aD ducting medium) 
A? = —180° — 2.4 fhihy for horizontal polarization (for 
oD good conducting medium) 883h) 

eden _ 2Afhihy for vertical polarization (for any ground ( 

Toad D and general medium) 
a 2.4fhihy for horizontal polarization (for any 

Title D ground and general medium) 


The time phase angles ¢, and gy are taken from curves or computed as 
is shown at different places of this text. For a fixed radiation center 
height /;, we can also express (883A) in terms of the angle 6 of wave 
incidence and find, according to (883), 


A° = ¢, — 2.4fh; cos 6 for vertical polarization \ 
A° = g, — 2.4fh; cos 6 for horizontal polarization (Ceug) 
since in Fig. 260, for large angles 6 of wave incidence and (h, + h)? « 
D, we have 6’ — 6=0 and GR practically parallel with TR. Hence, 
any line, such as 7)R, within this vanishing angular spread 6’ — 6 must 
also be parallel with GR. Therefore, 6 = 90° — 6, and the ratio h,/D 
in (883h) gives 

h 


D = tan 4 = tan (90° — @) = 


vs. 9 radians (numeric) 


bo! 


This is the case because 90° — 6 is very small, since @ is close to 89.7 
deg or 89.7/57.3 = 1.56 radians. But 7/2 — 6 = 1.57 — 1.56 = 0.01 
radian. An inspection of trigonometric tables discloses that even 4 deg 
or 4/57.3 = 0.0699 radian checks exactly the value tan 4 deg = 0.0699. 
Therefore, the approximation h,/D & 0.5r — 6 radians holds at least 
for angles of 0) up to 4 deg, as a matter of fact somewhat higher. 
We have then tan 6) = sin 4) = 4 radians and, therefore, h,/D = sin 4 
= sin (90° — @) = cos 8, proving that (8837) is actually also the outcome 
of (883h) because cos 0 = h,/D for wave incidences that make small 
angles with the tangential plane through G of the ground. 

Formulas (8837) have the advantage that for any ground, we can 
find the time delay of the image field arrival with respect to the direct 
field arrival at a possible space point of reception if we know the location 
of the radiation center T and the angle 6 of incidence. Formula (883h) 
requires, however, the knowledge of hi, h,, and D. The case of 0) = 
4 deg corresponds to 0 = 86 deg, giving a distance T.G = h,/tan 0 = 
100/0.0699 = 1,485 m and GRo = 20,000 — 1,485 = 18,565 m. Since 
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tan 4 deg is also equal to h,/18,565, we find h, = 18,565 X 0.0699 & 
1,300 m. This yields h, + h, 1,400 m and (h + h,)? = 196 X 104 
as against D? = 4 X 108, making D? about (4 X 108)/(196 X 104) = 204 
times larger than (h, + h,)? and still larger than (h, — h,)?. Therefore, 
for angles of incidence between 86 and 89.7 deg, formulas (883h) and 
(8837) can be used. Inasmuch as in a general medium with a relative 
index of refraction n = \/«, — jq with g = 1.8 X 10*(¢/f) and f in 
megacycles per second, we can distinguish between the extremes n & 
Vr and n = 1/—jg, we have at VHF’s and UHF’s quite a frequency 
range, where the condition n & \/ —jq applies as for ocean water and 
n &~/x, holds surely above 100 Me/see and even somewhat below. 
Therefore, when the conduction term q outweighs the effect of the Ky 
value, which acts in quadrature, we have the conditions 

= = 2.4 fh, Comte 1801: 
imphase conditions (6 maxima) 
for horizontal polarization 
antiphase conditions (82 minima) 
for vertical polarization 


for kos 130. fame 
(8837) 


antiphase conditions (§z minima) 
for horizontal polarization 

mphase conditions (8 maxima) 
for vertical polarization 


for k = 0, 2, 4,6, --- 


But if we deal with ground effects that are caused by dielectric mirror 
reflections, as, for instance, in Fig. 259, for short waves and wet soil as 
well as dry soil, when the «x, value for such soil is used, we have a half- 
wavelength jump, at the reflection point for all angles of wave incidence 
9 in the case of horizontal polarization. According to Fig. 259, we also 
have a half-wavelength loss (which is a half-cycle loss) for vertical 
polarization, for wave incidence @ beyond the Brewster angle 03 = 79.7 
deg, 7.e., for 0 = >79.7 deg up to 86 deg. We have resultant field Sz 
maxima for either polarization for k = 1, 3, 5, 7, - + + and & minima 
fork = 0, 2,4,6,+++. For dry ground, the actual relative dielectric 
constant x, has values from about 5 to 8, and the Brewster angle has an 
average value 0, = tan! 1/6.5 = tan-! 2.55 = 68.6 deg. At all UHF’s 
and a good range of the VHF’s, dry ground then acts as a quasi-dielectric 
mirror; and for possible angles between 68.6 to 90 deg of wave incidence 
we have, as for horizontal polarization, a —180-deg phase jump upon 
reflection. If the UHF is very high, we have, for ocean, n XY 1/80 
with a quasi Brewster angle of 0, = tan-!8.944 = 89.45 deg. This 
means that for most angles of wave incidence for which the ocean surface 
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acts as a dielectric mirror, we have no phase change at the reflection 
point in the case of vertical polarization. Only in the range >89.45 to 
90 deg (a 0.55 deg range), which is essentially tangential incidence swe 
have a 180-deg phase jump or a phase reversal. Taking ¢ = 4 mhos/m 
as the average conductivity for ocean, we find an equivalent relative 
dielectric constant «, = 80 — j7.2(104/f™], which, for f = 90,000 
Me/sec, yields x, = 80 — 70.8. If we call the quadrature effect of 0.8 
negligible in comparison with the real value of 80, the ocean behaves for 
this and higher frequencies as a quasi-dielectric mirror as far as wave 
reflections are concerned. Since, in (8337), the magnitude 2.4fh,h,/D 
determines the maximum and minimum resultant field intensity Sr loca- 
tions, we find that for numerical dimensions D = 20,000 m and h; = 
100 m, we have fh, = 15,000k or 
4], 

le = ae (883k) 
Therefore, for the reflector in effect essentially only conductive (n & 
V —Jq), we find from (8837) the first maximum field conditions for k = 1. 
We find this to be the case at 50 Me/sec, since, for ocean, x, = 80 — 
j7.2(104/50) = 80 — 71,444, where the quadrature effect of 1,444 is domi- 
nant in comparison with the effect of 80, since we have 10 1/64 + 20,881 
= 10 V 20,881 = 1,444. According to (883k), we find then that the 
first maximum field condition occurs at a receiving center altitude h, = 
1.5(104/50) = 300 m. The second maximum field condition occurs at 
h, = 3 X 300 = 900 m; the next at 5 X 300 = 1,500 m; ete. Minimum 
resultant filed effects occur for k = 0, 2, 4, - - - , and we find the first 
minimum for k = 0 or h, = 0. The second minimum occurs for k = 0, 
corresponding to an altitude of the receiving center of h, = 1.5 X 104 X 260 
= 600 m; the third at 1,200 m; the fourth at 1,800 m; ete. All minimum 
field values are halfway between the altitudes holding for maximum field 
effects. These heights correspond to definite angles 6 of incidence, since, 
according to (8837), we have for h; = 100 m in place of (883k), the 
expression a 


0.75k 


Foie (8832) 


cos 6 = 
For 50-Mc waves, we find then the first maximum for an angle of inci- 
dence @ = cos~1(0.75/50) = cos! (0.015) & 89.1 deg, which is an inci- 
dent ground ray almost parallel with the tangential ground or ocean 
plane. This angle could also have been found by means of the corre- 
sponding value h, = 300 m for the first field maximum, since, in Fig. 260 
for 8’ — @ = 0 on which condition relations (8837), (883k), and (8831) are 
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based, tan 6) = tan (90° — 6) = h,/D = 300/20,000 = 0.015, giving 90° 
— 960.9 deg or 6 = 90° — 0.9 = 89.1 deg, as found above. 

We note that for f = 50 Mc/sec, we deal with very small angles with 
respect to the horizon. For the second maximum, (883/) yields @ = 
cos! (3 X 0.015) & 87.4 deg. For the third maximum, we find @ = 
cos"! (5 X 0.015) = 85.7 deg. The fourth maximum yields @ = cos! 
(7 X 0.015) & 84 deg. As far as the incidence 90° — @ with respect to 
the horizon is concerned, we have the successive maximum resultant 
space field conditions 90° — 6 = 0.9, 
2.6, 4.38, 6, - - + degrees, with a 
difference of 1.7 deg, which are, 
indeed, very small angular steps. 
The first minimum value happens 
for k = 0, and (8831) yields cos @ 
= 0 or 6= 90 deg, 7.e., tangen- 
tial wave incidence with the surface 
of the ocean. The second minimum 
field condition occurs for k = 2, and 
(8831) yields cos 6 = 0.75 X 260 or 
6 = cos"! (0.03) = 88.3 deg. This 
value is to be expected because 1.7 
deg = 90° — @ is halfway between 
the first and the second maximum 
; ; condition. The third minimum 
just ao much aathogpherieal earth sunfoce is  OcCUTS for @/=eteos* (0.75 3<aayoml 
below the tangential plane, and G7’’6"5’” = cos! (0.06) = 86.5 deg. For- 
Sep som sicnt beat: mula (8831) shows that respective 
angles @ for maximum and minimum resultant field conditions move 
all the closer toward more grazing incidence the higher the frequency f is 
chosen, as long as the frequency still exercises a q value that is 
dominant in comparison with the x, value of the reflecting medium. 
Owing to the limiting angle 4; of wave incidence (largest angle of incidence 
in Fig. 260, for a given horizontal separation D), the reflections may 
cover only angles that are more or less away from incidences close to 
the grazing incidence. This limiting angle is 6, = 89.7 deg in the above 
numerical example. We can, therefore, also realize the first field maxi- 
mum and all other maxima, since we found that the values 6 = 89.1, 
87.4, 85.7, 84, - - - deg. Therefore, all receiving centers R with alti- 
tudes 300, 900, 1,500, - - - m exist above the reflector. It must be 
realized that our reflection formulas are based on plane electromagnetic 


waves. The distance TG in Fig. 260 must be large enough so thata 


plane wave front exists at least over an area equal to the square of a wave- 


a» 
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OQ 15 30km0 15 30kmO_ 15 30km 015 "30km0 15 S0km x 

For f=50Mclsec f=75Mc/sec 100Mc/sec  200Mc/sec  500Mc/sec 

Fie. 262. Field maxima and minima and altitudes for a fixed radiation center. h,™) = 
T5kD/htf = 22,500k/f; 0° = cos! (0.75k/f). D, ht, and h, are in meters; f is in Mce/sec. 
Formulas hold for (hi + hr)? < D?. ; 
length, with no dimension of this area less than a wavelength. To 
increase the horizontal distance changes nothing in the above formulas, 
since the plane TGR) in Fig. 260 is the tangential plane to spherical 
ground, and we have then the conditions shown in Fig. 261. The 
reflected beam GR is then taken “‘curved-up” just as much over the tan- 


[CHap. VII 


SHORT-WAVE RADIATION PHENOMENA 


950 


“08 = +7 pus sosvoiour f sv 


JeT[euus sevrodeq onjeAa D,py} sours ‘suoreurrxoidde yZnor ATUO aATS sonyea Aouonbesy roddn oy} o[tyM ‘10}eHeI B SB UBID0 JOT ploy senjva Aouenbedj JeMOT OWT, 


"2... %'Z ‘QO = y¥ 10} BUITUTE =! 


ree ‘g ‘¢ ‘I = ¥ Joj vurxeyy 


f ; f ‘ ; 
(— p80, tO yea eam O00 Oho 
“UL OOT = 7Y pus doS/oyy UI SI f oJoqM 
(Cine ee Gi 
@ 809 = ia ‘¥08T = ines 
Spor YOM “(/Egg) UO pase SI o[qvz SIYT, :syupwagy 
OLS G68 |O8T ¢9°68 | 06 8°68 SIE ¥ 68 CGS 9°68 SST GL 68 cP 6°68} O00¢ 
¢L9 1°88 |OST T 68 | S2% | 9°68 ¢ L182 G°88 19° G9¢ 68 [9° LEE FY 68 |¢ SIT | 8°68! 002 
0Se‘T eh 98 |006 82 88 | OSF |IT 68 006 = 0 GLG‘T 18 GZI‘T |G1 28 G19 TL 88 GG% |9G°68| OOT 
008‘T |49°98 j00Z‘T | 4°48 | 009 |G8°88 | 0 = @ soo ooT‘s | 98 | OOS‘T | T'28 | 006 €°88 | 008 | F'68} SZ 
00L°Z | 6°78 |O08‘T |49°98 | 006 | €:88 |O= “Y¥‘0= 4%] OST‘e | 8} OSes] 2°¢8]| Ose‘t | F248] OSr | T’68! Og 
wu “y | Sep ‘g | wu “y | Sap ‘9 | wi “y| Sap ‘g uo “MY 2p ut “y | sep ‘9| wu “y | Zep ‘| wm “y age 
1) ‘9 | o08/oy 
UN UITUTUT ‘f 
Z= 4 4SIhy ‘fouenb 
g=yunw | 7= ¥ unU Swern 2 = 4 wan Gc = y¥ uInw = 7 uUnU | fT = ¥ unw ~olq 
“TUTUL YANO | —TUrut pay y, pu0veg “TxXeUL YJINOWY | -Txvur pay], “IXB]] PUIG | -IXvUl SILT 


adaL1y 
UALNGDQ NOWVIGVY GAXIY V UOT Y UAINAD NOMdHGY JO SHCALILTIY GNV VWINIP GNV VWIXVJ GIGIG “gg aTaVY, 


Src. 168] SPACE RADIATION 951 


gential plane GRo as the spherical surface @7’'6’5/4’3'2'1’ is below this 
plane. We may also take the reception center location height as RR”, 
which is perpendicular to the spherical earth surface. 

In Table 58, the respective reception altitudes h, and the correspond- 
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Fie. 263. Height of receiving center for maximum and minimum resultant field intensity 
dependent on frequency. h,“™ = 75kD/hif = 22,500k/f for ht and D in meters and f in 
Mc/sec assumes one half-wavelength loss upon reflection (holds for wet soil for horizontal 
polarization). ' Maxima for k = 1; 3; 5, 7, 9,90 2); minima for k = 0,2, 4,6, 8, . .< . 
Note: curves hold also for vertical polarizations, since @ is larger than Brewster angle 6 for 
(ht ais hy)? <K iD, 


ing angles @ are given for a radiation center altitude h; = 100 m and 
D = 30 km, for horizontal polarization and different frequencies. Figure 
262 gives the results of this table. The abscissa unit in this figure is 
greatly reduced compared with the ordinate unit, because the angles 
90° — @ with respect to the tangential ground plane are small and require 
exaggeration in order to bring out details. From the directions in the 
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vertical ZX plane for maximum and minimum resultant field values, 
we note that at 50 Mc/sec, the angle of the reflected ray with the horizon 
is only 0.9 deg and only 5.1 deg for the fourth 62 maximum condition; 
while at 500 Mc/sec, the corresponding angles are 0.1 and 1.5, respec- 
tively. Hence, for a fixed radiation center location, the vertical radiation 
lobes are more crowded toward the horizon the higher the frequency. 
The maxima and minima conditions hold for horizontal polarization. 
As mentioned in Table 58, the frequency range is taken to quite a high 
value, so that the upper portion of the range is somewhat affected by 
the dielectric effect of the reflecting medium. The error made is, how- 
ever, not great, and we have a comparison that shows the effect of the 
frequency on the space distribution of extreme field values. Figure 263 
gives a plot for 13 maxima with minima values halfway between con- 
secutive maxima. This corresponds to 13 lobes in the vertical ZX plane. 
These curves give directly the height h, of the receiving center R, for a 
radiation center altitude h, = 100 m and a horizontal separation D = 
30 km. The height at any other distance can be found, as in Fig. 262, 
by scaling off along the abscissa axis the horizontal separation D = 30,000 
m from the origin and making the ordinate equal to h, meters for the 
abscissa D for a certain frequency taken from Fig. 263. The hypotenuse 
from the origin to the point found in this way then gives the locus for 
the various heights h, for different separations D if atmospheric refraction 
is negligible, 7.e., rectilinear propagation prevails. 

169. Numerical. Data on Vertical Radiation Patterns over Actual 
Ground. If we take wet ground with «, = 30 and o = 10-* mho/m, 
the relative equivalent dielectric constant becomes «, = 30 — 71.8 X 
104(10-*/100) = 30 — 70.18 = 30 for 100 Me/see and higher. The 
reflection curves of Fig. 259 then apply. From Table 58 and Fig. 262, 
we note that the first field maximum occurs for horizontal polarization 
for an angle @ = 89.56 deg and the first minimum exists for @ = 0 deg. 
We have, for such conditions, the arriving image field in phase and in 
antiphase, respectively, with the arriving direct field at the reception 
center R. If we desire the radiation pattern for three vertical lobes, 
we must cover, according to Table 58, the angle up to the fourth minimum. 
This is an angular range from @ = 90 to 6 = 87.4 deg. We compute 
the time delay from (883), which reads 


A = —(180 + 2.4 X 104 cos 6) deg 


since g, = —180 deg and h, = 100 m. Since, for horizontal polariza- 
tion, we have Dy = 1 = Dg and for D?> (h, + h,)? andr &r + d, the 
resultant field becomes 


& 
feyg) = = (1 + pr cos A) = “Py volts/m 


» 
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if &) denotes again the reference field in volts per meter at a distance of 
1 m from the radiator in its equatorial plane and Py, is the resultant 
directivity, giving the polar pattern in the vertical ZX plane. We 
find then the evaluations of Table 59. In the @ column, for values larger 
than 180 deg, we must always subtract 180, 2 X 180, 3 X 180, - - - deg, 
since the reflection coefficient has a 180-deg phase. Every time A = 
—180° — 180° is reached, we have again an inphase condition, and the 
relative delay starts all over again from zero value (from inphase toward 
lagging phase). We note from the table that for horizontal polariza- 
tion, only for ideal reflection (ground acting in effect with 100 per cent 
reflection in antiphase) can we expect absolute zero for the minimum 
resultant field effect. For wet soil, we deal strictly with field minima 
only. Nevertheless, the first lobe (corresponding to the first maximum) 
closest to ground gives essentially the same polar Ps pattern as for perfect 
ground. But as we go to successive lobes of the P, pattern, the effect 
of the coefficient of reflection (with a value smaller than unity) becomes 
more apparent. The ground effect for horizontal polarization is, how- 
ever, not very different from that for perfect ground. If we take the 
case of vertical polarization and also for wet soil, as in Table 60, a pro- 
nounced ground effect exists, because the magnitude of p, changes from 
—1 to —0.018 as @ changes from 90 to 80 deg. Since, according to 
Fig. 259, for wet soil at 100 Me/sec and higher, the phase ¢, of the reflec- 
tion coefficient p, is, for vertical reflection, also —180 deg, and this 
between 90 deg to the Brewster angle 63 = 79.7°. We have 


A = —(180° — 2.4 X 104 cos 6) 


and the phase-delay values of Table 59 can be used. But for vertical 
polarization, we have to take the directivities Dy and Ds into account. 
Since, for (hy + h,)” < D®, the difference 6’ — 6 = 0, we have Dy = Dy; 
and besides, r/(r + d) = 1 as far as the inverse distance effect on the 
field amplitude is concerned. For a vertical half-wave radiator Dy = 
[cos (90° cos 6)]/sin 6 = sin 6, since we deal only with wave incidences 
close to 6 = 90 deg. The resultant field is, therefore, found from the 
simplified expression 


Sr = “ (1 + p, cos A) sin @ = =? P, volts/m for vertical polarization 


The polar pattern in the vertical ZX plane is 


Po = (1 + po cos A) sin 6 for vertical polarization (@ = 82° to 90°) 
Po =1+ p, cos A for horizontal polarization (any angle @) 
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The results of Tables 59 and 60 are plotted in Fig. 264, showing that for 
perfectly reflecting ground of the polar pattern P»,, we can expect recep- 
tion next to ground for vertical polarization, but not for horizontal polariza- 
tion. For actual ground, which in our example is wet soil, we find at 
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Fie. 264. Vertical directivity pattern for vertical and horizontal polarization over wet soil 
and perfect ground at f = 100 Mc/sec. 


100 Me/sec and a radiation center! h, = 100 m above the tangential 
ground plane that for both the vertical as well as the horizontal polariza- 
tion, no reception is possible close to the surface of the ground. We 
have then, in effect, a horizon that, so to speak, curves wp as much from 
the true line of sight as the lower boundary of the first radiation lobe 
curves up with respect to the tangential plane (Figs. 265 and 261). 

* Attention is called again to the fact that h.f accounts for the pattern for a par- 


ticular ground; and if we change the ground effects by changing either h, or f or both, 
the pattern must change accordingly. 


» 
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Figures 264 and 265 are self-explanatory. That vertical polarization 
gives, in this case, a virtual horizon, which is curved up above the line 
of sight and should not be taken as a generality. Inspecting, for instance, 
the various reflection curves of Fig. 236 for complex ground, we note 
that there is no abrupt phase jump at the Brewster angle 63 corresponding 
to a time phase g, = —90 deg for the vertical reflection coefficient. We 
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Fie. 265. Vertical radiation pattern of resultant space field for ideal and wet soil for verti- 
cal and horizontal polarization. Note: For both horizontal and vertical polarization over 
wet soil the first radiation ‘‘ear”’ is lifted away from ground, while for perfect ground and 
vertical polarization reception next to ground is possible. A metallic reflector acts as a 
quasi-perfect ground (reflector). 


find, however, a gradual change of the phase ¢,, just as we have a gradual 
change of the phase g, for horizontally polarized waves. The change in 
¢» is more rapid, however, for angles close to grazing incidence. It 
is the ratio q/x, that counts for g = 1.8 X 104(c/f) and f in megacycles 
per second. If the conduction term ¢ becomes large compared with the 
relative dielectric constant x, of ground, matters are different from those 
found in Fig. 265. The computation is then the same as in Tables 59 
and 60, except that », and g change with the angle of wave incidence 
just as p, and p, change for either type of polarization, and we deal with 
a Brewster dip. This discussion brings out the difference between a 
dielectric and a conductive electromagnetic mirror. In Fig. 265, we 
deal, in effect, with a quasi-dielectric mirror as far as wave reflections 
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are concerned for wet soil at 100 Mc/sec. This is the reason why the 
first radiation lobe is lifted away from the horizon. Fora perfect ground, 
we have a conductive reflector and a corresponding mirror effect. There- 
fore, for grazing ground incidence and vertical polarization over perfect 
ground, the reflection factor must be p, = +1, since the image current 
and its phase are the same as the actual antenna current and its phase. 
The electric lines of force then enter the conductive mirror perpendicu- 
larly, which satisfies p, = +1 and yg, = 0Odeg. For horizontal polariza- 
tion right next to ground (tangential to perfect ground), there can be 
no tangential § field (along the metallic mirror). Therefore, at any 
place along the ground (right next to it), we must have on either side 
of the ground surface tangential equal & fields that are in phase 
opposition. This means that p, = —1 or |p| = +1 - 18° = cos 180° 
— jsin 180° = —1,s0 that yg, = 180 deg, which is phase opposition. But 
as soon as the ground becomes electromagnetically a quasi-dielectric 
mirror, we find the conditions shown in Fig. 265. 

170. Possibility of Stratum Waves in the Lower Atmosphere and 
Separation of Stratum, or ‘‘Close-to-ground,’? Waves from Space Waves. 
Experience shows that electromagnetic waves may glide along the earth’s 
surface. This led J. Zenneck, as early as 1906, to the idea of surface 
waves and A. Sommerfeld, as early as 1909, to the distinction between 
surface and space waves. This was later followed up by Weyl, Van der 
Pol, and Bremmer and finally revised by K. Norton, so as to be useful 
for computing the field intensity of ground waves in the standard broad- 
cast range! of carrier frequencies. There is quite a difference between 
the presentation of Weyl and the ‘‘revised”’ presentation of Sommerfeld, 
when the displacement current in the earth crust approaches the value 
of the conduction current. This means that the term x, approaches the 
numerical value of the term g = 1.8 X 10‘(¢/f) for « in mhos per meter 
and f in megacycles per second. 

As is shown in Sec. 164, guided surface-wave conditions can also 
take place for short waves, and apparent forward tilts of the electric 
vector & up to 22 deg with respect to the surface of the earth may occur. 
The surface-wave condition can, however, also be explained by a wave- 
guide action between two boundaries, one being the XY plane in Fig. 
266 and the other the surface of the ground. A layer a few hundred 
meters thick above ground may act as a medium ks, 2, ¢2 While the atmos- 
phere above it behaves as «1, ui, and the ground itself behaves as xs, us, 


‘Some theoretical writers do not agree with the A. Sommerfeld theory; but from 


a present-day radio-engineering point of view, it must be admitted that the outcome — 


of Sommerfeld’s theory and numerical distance gives a useful means of predicting 
standard broadcast coverage. 
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a3. We then mostly meet conditions such that Hi = Mo = we = ps3 and 
o2 =. An incident beam ab will then be reflected back into the upper 
atmosphere and be partially refracted as a beam bd into medium 2, par- 
tially refracted into ground, and partially reflected as a beam de. The 
latter beam causes a refracted beam into the upper atmosphere and, in 
turn, reflected beams eg, gk, etc. We must then consider three typical 
field points, namely, the free-space points P,; the stratum, or layer, 
points Pe, and ground points P3;. The last points are of no practical 
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Fic. 266. Field vectors F represent & vectors for vertical and H vectors for horizontal 
polarization. h is thickness of stratum which may give rise to guide action. 7 are relative 
indexes of refraction referred to vacuum. 


concern, since for short waves any power penetrating ground is lost and 
does not go very far before being dissipated. This is also essentially the 
case for the lower HF range. It is points P; and P. that concern us, 
since they account for space and guided ground waves. Points P» also 
account, in some cases, for diffracted radiation beyond and below the 
line of sight. Such radiation may, under certain conditions, cover far 
more distance than expected from the free-space inverse distance law 
and follow a law that may even be as favorable as an inverse law of the 
Square root of the distance. This would account for large transmission 
ranges, sometimes several times the line-of-sight distance. These dis- 
tances exceed considerably the distance due to the ray theory, even for a 
downward-curved path, because of atmospheric refraction. As far as 
Space waves are concerned (affecting points P:), it is necessary only to 
add geometrically the effects of the reflected field F3 and refracted fields 
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F;, Fs, Fis, . . . and to use the proper reflection and refraction coeffi- 
cients. We have then, for plane waves, the various field vectors 


Fy = Foeilet—8@ sin 61-2 008 61)] for incident beam ab 
Fe = Rok peilot—Bn2 sin 02-2 008 62)] for refracted beam bd (884) 
Fs = prok peilet—8@ sin 61+ 008 61)] for reflected beam bP, 


where the refraction coefficient Ri. and reflection coefficient pi2 are inter- 
related.! These coefficients are 


n2 cos 6; — , Be Ka 
pi = Fea for vertical polarization ) 
pig = eer for horizontal polarization (84a) 


p = Vn + cos? 0; — 1 


1¥For details, consult the derivations in Table 44 steps 15, 16, 17, 18, ete. It is 
shown that at perpendicular incidence (6: = 0), we have, for respective reflection 
coefficients py = —pnx, where the vertical coefficient p» of reflection is a particular case 
of pj, i.e., & is parallel with plane of incidence, and the general case for pp is p1, 7.€., 
& is normal to the plane of wave incidence. For any mediums we have the corre- 
sponding refraction coefficients 
QuiTe Quel) 


Ry = ——————_ and Ry, = —— 
I Mile + peli ee bol + pile 


TD = jo V/ pike; ke = ee farads/m 
(3) 


For wi = pe = bo, we obtain 
2T2 Ree 211 
Py Ts 
miz = T2/T, relative index of refraction of medium 2 with respect to medium 1. For 
k1 = ko, 1 = po, o2 = O, ke slightly different from ki, w2 = wo, we obtain 


: : = YT, 2) 
Ti SJw V Moko; T2 = Jw V/ 10k2} tis = ae AE = WV Kr = Ne 
nt Ko 
yielding 


202 2V Ko 2V/ ky 


Riz = = = = for vertical polarization 


Mth Weta 1+Ve 


Ry» = ———— = SSS = for horizontal polarization 


These coefficients stand for the ratio F2/F, at refraction point b in Fig. 266, while the 
reflection coefficient pi2 denotes the ratio F;/Fi at b. The reflection coefficient pa 
is the ratio /’./F', at reflection point e; the ratio F,/F; at reflection point k, etc. The 
reflection coefficient p23; is the ratio F4/F2 at reflection point d; it is also the ratio 
F,/F¢ at reflection point g; etc. The coefficient p23; is complex, because no; = n3/n» 
is complex (since n; is complex). 


» 
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Depending upon the thickness h of the stratum, we find the field vectors 
— bh = 

Ff; = Fy (pis oe (cos 6, = P). F; = F, pia( pe? ey (884b) 


Pis ae pei? oh pre — pe ¢12 5h 


When, therefore, 6: = 0 deg, 7.e., perpendicular wave incidence, the 
refracted field intensity /’, will be a maximum when h/\ = K/(2 \/x,) for 


K = 1, 2,3, - - - anda minimum forh/\ = (2K + 1)/(2 —/x,), since the 
delay 6 = —(4rh cos 6:)/A and = 300/f, where f is in megacycles per 


second and ) in meters. In Fig. 266, the various F fields denote & field 
intensities in volts per meter for vertical polarization. For horizontal 
polarization, the & vectors are normal to the paper and F denotes the 
magnetic field vectors in amperes per meter. For a guided F¢ wave in 


the stratum, only the vectors F2, Fs, Fs, Fz, . . . are of concern; while 
for the space wave, only the vectors F3, F's, F's, . . . play a part, and the 
resultant field at P is 6; + & +6&:-+ --++:. For the other indicated 


field vectors, we find 


F, ao Ris * p23 ° F yet et—Bnalz sin 62+(2h+z) cos 4)} 
F; a Rie * p93 ° Roy é F petlet—Bn2(2h cos 62)—B(xsin 01+2c08 91)] . . . 


\ (884c) 
The phase difference y between F; and F'3, as well as between Fs and F;, 
is 

vy = —2Bneh cos 42 
since, for the difference of F; and F3, we find 


B[(—2neh cos 62 — x sin 6; — z cos 61) — (—2 sin 6; — z cos 4;)] 
= —28neh cos 62 


When expressing w/6.28 per radian or w/360 per degree in megacycles 
per second, we find 


6 
10°f ® Me/m 


Be oo 3 10S mene 108 


with a formula 


y = —2.4fneh cos 62 deg = ~12.56n2 ” COS 62 radians (884d) 


where the wavelength \ in meters is 300/f™. The quantity y may be 
complex if the refractive index nz is complex. This, however, hardly 
ever happens, since the atmosphere up to a few hundred meters above 
the ground is nonconductive, except next to spraying ocean surface. 
We have also pi2 = —p21 and Riz: Rot — pie: por = 1, according to 
Table 44. For the abbreviations 


A = cilot—B (x sin 61+2 cos §)]. a= — 72Bnoh 
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we can derive an expression for the intensity of the space wave that is 
caused by wave reflections. At a Space point P,, we find 


SP = pi2&0A + Riroposhei80Ae* 


=6&3 = 65 
+ &5p21 * page? 01 + §5(pa1 : 2g) 2€24 278 62 + th sl 4 volts/m (884e) 
= &8 = 611 


since reflections above the top surface of the stratum occur with a reflec- 
tion coefficient pir, The reflections below the top surface of the stratum 
back into the stratum occur with a coefficient p2;. The reflections from 
the ground surface back into the stratum occur with a coefficient p23. 
Therefore, pi2 depends on the relative index of refraction m2. = n2/n1 
= sin 6;/sin 62, since it is the relative index of refraction of the stratum 
medium with respect to the medium above the stratum. But n; holds 
for the atmosphere above the stratum and is practically equal to mo 
holding for vacuum; therefore, n1 = 1. Hence, no/ni = n2/1 = neg = 
WV kr — j¢ = Vk = Vk2/ko, because, for the stratum next to the ground, 
o2 = 0 and a real index nz, = 1x, is obtained. This is also evident from 
the fact that for the upper atmosphere, x; is essentially xo; while for the 
lower atmosphere in the stratum, it is slightly different from the magni- 
tude of «x, and equal to x2. The relative index of refraction ni. of the 
stratum with respect to the atmosphere above it is ni. = sin 6,/sin 62 
= 01/02 = V poke/V wiki = Vko/ko = WV kn since we havé a real medium. 
It is this index nz = no = ~/x, which is to be used in (884a) in order to 
find the corresponding reflection coefficient piz. In (884e), it can be 
seen that the trigonometric cosine function of angles 62, 6: appears alter- 
nately in the consecutive &;, &3, 11, &14, . . . terms; and for y = po, - p23, 
we find, from (884e), 


Sp, #e4 A&€ol pis + RisposRore2* (1 + pet cos Oy + p%¢24 cos 82 + ae *)] (884f) 


Expressing the angle of incidence 6; in terms of the angle 6. by means of 
the refraction law sin 6; = nz sin 6. and cos 6; = 1/1 — ny sin? 62, we 
can bring the above expression into the form 


gvolts/m) —_ ¢ pie 79% + pos(Bic + Rey — pis - par) 
Pa 0 E2008 G2 __ p21 * pos 
pise @ cos 62 + pos 


= & 
e727 008 92 _ P12 pas 


(8849) 


The simplification is due to p12 = —po, and RyRy — pispe1 = 1. “xem 


> 
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pressing (884g) in terms of 6, by putting cos 02 = V/1 — sin? 6, = 
V1 — (sin? 6;/n2) and using the abbreviation for a in the forms 


= —j pe = —712.56 nm, radians (for f in cycles/sec) 
. 720° X 10%fhns (884h) 
a= -—j 3 >< 108 = —J2Afhn, deg (for f in Mc/sec) | 


for the stratum height h and the operating wavelength \ are in meters 
and m2 as the numeric relative value of refraction of the stratum, we 
have then 


pig€s2-4fhV n2? —sin?® A1 = p23 
0 
6I2.4fhV/ n2*—sin? 01 + P12 * p23 


(volts/m) 
go" 


(8842) 


for the amplitude &) of the reference field, h in meters and f in mega- 
cycles per second. The coefficients of refraction are now eliminated, and 
we have pie as in (884a), and 


_ pms — ping 


ie melaringti 
p23 Pen ane for vertical polarization 
Dose aes for horizontal polarization (8847) 


p = Vn} — sin? 0 = Vn? + cos? 6; — 1 
Pi = Vn2 — sin? 6; = »/n? + cos? 6, — 1 


for the relative indices of refraction nz and n3 of the stratum and the 
ground as given in Fig. 266. The second forms of p and p, have the 
advantage that for piz in (884a) and po3 in (8847), we have only to look 
up the cos 4; value and use its square. The index n; of the ground is 
generally complex for short waves for ocean, since even at 900 Mc/sec, 
the quantity g is numerically equal to the x, value (equal to about 80). 
For dry land, the ground acts as a quasi dielectric just as wet soil behaves 
above 100 Me/sec. As far as a field point P, in the stratum is con- 
cerned, we can resolve any of the various field vectors such as Fy, for 
instance, along the vertical as F, = Fi cos 65 and along the horizontal 
as F, = Fy) sin 6. For vertical polarization, F, would be the value 
due to Fo if a vertical receiving antenna were used. For horizontal 
polarization, the receiving antenna must be normal to the paper in Fig. 
266. This should not be confused with the horizontal F, field factor of 
Fy, since F;, is longitudinal along the X direction instead of transverse 
to it. It is then not necessary to multiply the /'1) value by the trigono- 
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metric function. If the field point is moved to vector F190, we have the 
zigzag field & = &10 cos 42 for vertical polarization. As far as the phase 
delay between consecutive field vectors F', and F» or F', and F, is concerned, 
it must be the same, since for 


& = R28 eilet—bn2 (x sin 0.—z cos 4)] 


& = lixe - p23 Rei . Eoet lot Braz sin 0.+(2h+z) cos 64]} 
we find a phase delay 


Bn2(—2x sin 62 — 2h cos 62. — z cos 02 + x sin 62 — z cos 62) 


= — 2Bn2(h + 2) 


and we have a guided action with a zigzag that is symmetrical with 
respect to the direction of the resultant energy transfer. This will be 
discussed in Sec. 171. 

It should be realized that under certain conditions, an electromagnetic 
wave may be guided in a pure dielectric layer without energy dissipation. 
This requires that the boundaries are likewise surfaces of a pure dielectric 
medium. We can then have a zigzag plane wave moving against the 
normal of each boundary under an angle 6 and cause a wave motion 
along the layer with a phase velocity c’ = v/sin @ and a group velocity 
c’’ = y sin 6, where v denotes the velocity 1/+/u« of the zigzag wave. 
This assumes, however, that the layer is electromagnetically denser than 
the pure dielectric boundaries, so that total reflection can take place. 
The angle 6 of wave incidence then has to be equal to or greater than the 
critical angle 0, = sin7! V/ wiki/ux, Where wi and x; are the electromag- 
netic constants on either side of the layer. We have then a minimum 
frequency for a certain thickness of the layer, above which some elec- 
tromagnetic field energy, upon reflection at the dielectric boundaries, 
will partially leak into the boundary regions. 

171. Wave-guide Action in the Dielectric Space between Boundary 
Planes. Let us find out what happens in the stratum of Fig. 266 and 
consider first the case where we make the surface of the ground coincide 
with the XY plane as in Fig. 267a, for vertical polarization and horizontal 
polarization, respectively. We have the general case of vertical polariza- 
tion, which is known as “‘parallel’”’ polarization, since the incident &; 
vector can generally be decomposed into a component along the X and 
a component along the Z axis. For the electric vector §; normal to the 
plane of wave incidence, we have two H; components. Figure 2676 
shows the conditions for incidence against a perfectly conducting plane, 
with the expressions for the transverse field associations 8; cos 6 volts 
per meter and H; amperes per meter for parallel polarization and —H; X 
cos @ amperes per meter and &; volts per meter for perpendicular polariza- 


> 
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XZ plane is plane of wave incidence; X Y plane is a perfect reflector. 
d= AD + DB 
—_—_——_ -___"_ 
zcos 6 gzsin 0 
Therefore, a motion d along the incident direction is equivalent to z sin 9 
+ z cos 6, so that incident field §; = SoeM@t-B4) — §o¢i[vt-B (a sin O+2 cos 4)} 


Incident Reflected 
wave Ca wave front 


bo, 

Ae 

2 SS mena / | Ff ote 
_ Pane Plane of # ous 

Of incident reflected 


waive front wave tr ane MG 


7 \o Zhe 
; ° Resuhart Ez 4 | 
ye 1 and Hi; fields Ya ' 
| are e SEAce t Zz 
Z Guadrature 
(a) ard in the (a) 
0) plane wave front ) 


Parallel polarization (& vectors in plane Perpendicular polarization (H vectors in 
of wave incidence). Only H; intensity plane of wave incidence). Only &; vector 
is perpendicular to XZ plane. perpendicular to XZ plane. 


iSO Ecos 
Gr 


Parallel polarization: Perpendicular polarization: 
Gi = Soeit-Bd) — GoeI[4t-B (a sin 8+2 cos 8)] Hy; = Hocit-B4) 


a3 j[wt— in 6+ 6 ; 7 
= Eoel2 B(z sin 9+2 cos 6)] cos @ = —Hyeilwt—Ba) cba 6 Hoei(@t-B a) ance 


—_— 


&: cos is transverse component 


; 5 ‘ —Hi cos 6 is trans- + Hi sin 6 is longi- 
— Set[“t-B(z sin 6 +2 cos 6)] sin 6 verse to motion tudinal to motion 
along Z axis along Z axis 
—&i sin @ is longitudinal com- : / 
ponent traveling along Z axis §i = So = RE 
&i cos 6 Se#[#t-B(e sin 0+2 008 9)] cog @ Hicos@ Hocos@ cos 6 
Hi; ai Hoeilot—(8x sin 0+z cos 4)] 


=F 008 8 2 A/H 008 8 ohms 


for a nondissipative reflector 


Fic. 267. Analysis of parallel and perpendicular polarization over a perfect reflector. 
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tion. What is of interest is what happens when the direct and reflected 
fields combine at the surface of reflection. All reflections occur in the 
XY plane, for whichz = 0. Since we deal with a perfect reflector surface, 
we can have no electric fields along the XY plane and the respective 
field components &; cos @ and &, cos 6, which are opposing, must cancel 
at z = 0, satisfying that the coefficient p, = 1 (for perfect reflectors), 
1.€., &-/& = 1 in the case of parallel polarization. For perpendicular 
polarization, we must satisfy for such reflectors the requirement &,/&; = 
—1. We then find resultant fields above the reflector, if taken normal 
to the reflecting plane, as 


&, = —j2 Ale Hye @t-62 sin ®) Gos 6 sin (Bz cos 6) 
K 
volts/m | for parallel polar- 
in ization (includes 
& = —j2 aie Heir Pr sin ® sin 6 cos (82. ¢08 8) | vertical polariza- (885) 
volts/m | tion) 
H =H, = 20 e°"43= cos (62 cos 6) 
amps/m 
and 
lites NE Ee? (ot 6 8in ®) Cos 6 cos (Bz cos 8). 
; es for perpendicular 
H, = —j2 Ne Epei(ot-Be sin ®. sin O sin (82 cos 6) | polarization (such (885a) 
B as horizontal po- 
amp/m | larization) 
& = 6, = —J2E eit Fr in ) sin (Bz cos 8) 


volts/m 


Hither result shows that we deal with stationary space waves in the 
region above the perfect reflector. We have then maxima effects and 
minima effects, depending on the argument 6z cos @ of the respective 
sine and cosine functions. The fields with the cos (8z cos 6) factor 


become a maximum whenever #z cos 6 = 0, 180, 2 X 180° and gen- — 


erally 4180 deg for k = 0, 1, 2,3, - - - . They become zero for Bz cos 0 


= 90 deg and generally for k:90 deg for ki = 1,3, 5, ---. For the | 


fields with the sin (6z cos @) factor, we have maxima effects whenever 


Bz cos @=k,90° and have zero whenever Bz cos 0 = k180°. This — 


can also be expressed by means of k = 1, 2, 8,°-: , \™ =1/f Vpn, | 
where f is in cycles per second, » in henrys per meter, and « in farads per — 


meter. We have then 


» 


Src. 171] SPACE RADIATION 967 


Maximum values of | a 
&, and H, and at locations z = — Saar 
zero values of &, for 
: vertical 
' Maximum values of pola 
nd ‘ : 
ao ; at locations z = — (2k + Ur zation 
zero values of &, 4 cos 6 
and H, ; 
8856 
Maximum values of ( ) 
H, and ky Leas 
zero values of &, at locations ¢ = — 2 cos 0 hors 
and H, zontal 
Maximum values of | polari- 
& and H, and > at locations z = — ee zation 
zero values of H, 


Let us apply this result to horizontal polarization, for instance. We 
have then, in Fig. 268a, the electric & vector parallel to either conducting 
plane and conditions as given by the above-mentioned relations. At 
each perfectly conducting boundary, the wave is so reflected that the 
total & field. along the boundary vanishes. The electric fields of the 
incident and reflected waves must be equal and opposite. We note that 
for z = 0, this is the case. For the other boundary z = h, the tangential 
electric field 6, vanishes whenever Bz cos 6 = Bh cos 8 = 0, 180 deg, 
2 X 180 deg, 3 X 180 deg, £180 deg for k = 0, 1, 2,3,°--+orh = 


kX/(2 cos 8) meters, where, for air as the wave medium, \™ = Fates 


The zigzag uniform plane wave of Fig. 268a is then nothing but the well- 
known TE,,,o guided wave, which is a complementary wave and known 
as the TE wave, since only a longitudinal magnetic vector exists and the 
electric field is purely transverse with respect to the direction of motion. 
In exactly the same way, we find that for parallel polarizations, we can 
regard the zigzag wave motion between the parallel conducting planes 
as a TM wave (transverse magnetic wave). This is evident from the 
results of Fig. 267b, since the conducting parallel planes for an angle of 
wave incidence @ must be such that the separation is kX/(2 cos 8), in 
order to render the tangential electric field equal to zero. Figure 2686 
shows how the steepness of wave incidence affects the parallel metal 
planes. The ray 1-2 is incident to the lower plane ; 2-3 is the reflected 
beam; 3-4 is the reflected beam of the beam 2-3; etc. If the medium 
between the conductive planes is air, the zigzag beam will travel essen- 
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tially with the velocity of 3 X 108 m/sec. The motion along the X 
direction occurs with a velocity depending on the angle 6 with no propa- 
gation whatsoever for 6 = 0 deg, which is perpendicular wave incidence. 
It is, therefore, evident that for pure dielectric boundaries as well as at 
surfaces of the general medium, a zigzag wave propagation in a stratum 
produces, in effect, a sort of wave-guide action. As a matter of fact 
in a rectangular wave guide, we 
have a symmetrical zigzag of ele- 
Condecing iets mentary waves A and B as in Fig. 
269a, since we may have a sinus- 
oidal &, distribution so as to make 
the tangential electric field & along 
the Y and Y’ sides vanish. The 


§,, (volts/m) = § j[wt—B (x sin 8+2 cos @)] : : 

Sy 1 _ eucilwt-Blasin Oz eos) Magnetic lines have, however, a 

= Evei@t[ e iB (w sin 0+2 cos 8) transverse H, as well as a longi- 

ae, e B(x sin 6—z cos 9)] . 

= Epeiwt-Bz sin 8)(<—jBz008 6 _ ¢iBzcos 8) tudinal H, component. We then 

= Spel t-Be sin 9) {eos (Bz cos 8) have to use two plane waves within 

7 isin (62 oan alc ce fi ce as s 6)]} the guide (in counterzigzag). If 

j sin (8z co : 
= —j2Eociwt-Bzsin 8) sin (Bz cos 6) we had only the A zigzag plane 
ee wave, it would be reflected from 

along +X direction ; = : 
bom gina fore the top plane in the same direction 
tion along the X as the B wave. If we had only the 
direction) 


pus?7 B zigzag wave, it would be reflected 


J 
; ; Aas, oN _,, from the bottom plane in the same 
Y ' direction as the A wave. Superim- 


2 2 


(b) 4 Field transfer Field transfer posing the A and the B waves must 
along X slow along X faster ‘ é 
ee give the general action between 
a 
transfer two reflecting planes. The require- 
ee ae ment is then that the A and 


Fig. 268. Effect of the angle of incidence 
on the energy transfer in the space between the B plane waves have the 


tworafectrs Only eld € = feisrovallel same amplitude and add up to 

zero value along definite surfaces, 
so that no tangential fields can exist along the top and bottom metal 
surfaces. We have then essentially only one wave, since each wave is 
the reflection of the other wave. Figure 269 shows the difference between 
the wavelength of such an elementary wave and the wavelength of the 
guide. The slanting lines ab and cd are then the wave fronts of wave A 
with a positive maximum field value, while a’b’ and c’d’ hold for the B 
wave and positive maximum field value. Thus b’c’ is the location for 
the negative peak value of wave A, and bc the location for the negative 
peak value of wave B. 


> 
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172. The Dielectric Constant of the Troposphere. The troposphere 
is the part of the atmosphere below about 10 km altitude where the 
temperature varies appreciably with the altitude. On account of non- 
-uniformities in this portion of the atmosphere, such as rapid tempera- 
ture and humidity changes (below about 1 km = 0.6214 statute mile = 


AY 


H lines x 
(partially transverse Hz (a) 
and partially longitudinal Hy) 


. <a . ¥ 
Cor \y 
Se Negative Positive 
NY AXIMUNA Re) L 


ww Positive 
INAX/ ITU) 


a dN. c! a 


Fig. 269. Elementary and guide wavelengths. For air asthe dielectric \™) = 300/f™e/sec) | 


0.5396 nautical mile) as well as temperature inversions, which may 
occur fairly close to ground, the path of electromagnetic propagation 
for short waves may become curved. Nonrectilinear wave propagation 
is caused by the gradient dI'/dh of the propagation constant [ in a 
desired direction with respect to the altitude h above ground. It is 
essentially only the first few hundred feet and at most a thickness of a 
few thousand feet above ground that can cause anomalous wave paths.! 

‘It cannot be emphasized enough that anamolous wave propagation for short 
waves is by no means an infrequent occurrence, and we can expect very long ranges 


for hours and sometimes for seasons in certain portions of the earth’s atmosphere. 
Other details on refraction and superrefraction are given in the Appendix. 


970 SHORT-WAVE RADIATION PHENOMENA [Cuap. VII 


For this reason, the lower atmosphere plays the part for short waves 
that the ionosphere does for longer radio waves, such, for instance, as 
used in the standard broadcast range of carrier frequencies. Unlike 
the ionosphere, we do not deal essentially with an ionized medium in the 
lower atmosphere. We have practically a nondissipative medium. 
Therefore, the relative index n of refraction at a certain space point in 
the lower atmosphere is the ratio of c = 3 X 108 m/sec, for the speed of 
propagation in empty space, to the speed v = 1/+/ux meters per second 
in the troposphere. Therefore, n = c/v = Wux/~/ oxo = Vk/ko = 
+/,, since the permeability » in the lower atmosphere is equal to uo = 
1.257 X 10-* henry/m and «/xo = x/(8.854 X 10-12) denotes the numeric 
relative dielectric constant «,. The rate of change dn/dh = d(\/x,)/dh 
then gives a means of accounting for any deviation from a rectilinear 
direction of electromagnetic wave propagation. Inasmuch as xo in 
k, = k/ko is fixed, it is actually the change d +/«/dh that accounts for 
the curved path of wave propagation. 

From this introduction, we note that the knowledge of the dielectric 
constant « and, more conveniently, of its relative value x, with respect to 
vacuum is important. The dielectric constant of any gas or a mixture 
of gases containing, in addition, water vapor, as in the case of the lower 
atmosphere, depends upon the temperature and the humidity. The 
change in x with the temperature and the air pressure is slight, so that 
for air at 0°C at 1 atm pressure, we have the experimental Boltzmann 
value x, = 1.00059 instead of unity value holding for vacuum. At room 
temperature (about 19°C) and a pressure of p = 20 atm, the experi- 
mental value (due to Tangl) is x, = 1.0108, increasing to 1.0218 for | 
twice this pressure. With a fair degree of approximation, the x, and, | 
therefore, also the x = 8.854  10~'x, value in farads per meter can be 
computed from the density D. of a nonpolar gas from 


k = 8.854 X 10-2(1_— KD.) __ farads/m (886) | 


where K is a constant. This is the outcome of the classic Clausius- | 
Mossoti relation 
| 
= constant (886a) | 


Kr ge 


Dax, + 2) 


since (K, — 1)/(Kr + 2) & (« — 1)/3 and “3 X constant = K.” Expe | 
rience and computations show that the effect of the humidity in the 


atmosphere causes essentially about the change in the value of «x, in the 
troposhere. 


Generally, short waves propagate in the lower troposphere along curved paths i 
owing to electromagnetic refraction. It is caused by gradients of the dielectric con- ; 
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stants of the lower atmosphere, which are due principally to the distribution of 
moisture content and of temperature. For so-called ‘‘standard” atmosphere, we 
have a well-mixed air condition between transmitting and receiving stations, The 
dielectric constant « then decreases slightly with the height above ground level, 
causing a relative gradient of about —2.4 X 107 per 100 ft. For such a standard 
lower atmosphere, electromagnetic waves then have a radius of curvature equal to 
about four times the radius of the earth. This means that the electromagnetic field 
will arrive at the receiver location with an angle of elevation slightly above the true 
elevation angle at the transmitter location. As is shown on page 988, if the dielectric 
constant decreases faster than the standard rate with the height more pronounced, 
downward bending occurs. Upward bending due to refraction occurs if the dielectric 
constant increases with height above ground. 


173. The Foundations of the Classic Clausius-Mossoti Relation and 
of the Lorentz-Lorenz Law for Molar Refraction. This section is 
included in order to show what assumptions are made in the derivations 
leading to (886). If dl is the length of an infinitesimal current filament, 
expressed in meters with a uniform current distribution of J amperes 
along dl, then I dl is known as the “electric current moment”’ of the cur- 
rent element. If dr represents a cylindrical space element of a pure 
dielectric with a diameter of the circular cross section small compared 
with dl (axial length), then J dr is the electric moment and J may be 
called the electric moment per unit volume of dielectric polarization. 
The electric field & along the axis is then the force acting on a unit charge 
of the cylindrical cavity. If, however, the end faces of the cylindrical 
cavity are brought close to each other, so that only a narrow space exists 
between said faces, we have to take into account also the Maxwellian 

electric displacement D = x& coulombs per square meter per unit charge, 
where D is larger than & by an amount 47J, and we arrive at the well- 
known relation 


D = ko&S + 4a] = K& = Kox,& (886b) 


The field force F acting on a molecule with an electric moment M, when taken 
over a certain time interval, yields the mean value 


M=PF (886c) 


for the moment, where P denotes the polarizability. This relation holds below the 
dielectric saturation. We have now the three quantities &, D, and F, which char- 
acterize the pure dielectric. For a space like the troposphere, we deal with many 
molecules and generally particles having dimensions that may be large compared 
with customary space dimensions. Suppose we pick out such a particle that is posi- 
tively charged and between parallel conducting planes, which are large in extension 
compared with their relative separation. We have then the force F = Ff, + F;, + F; 
acting on such a particle. Suppose the left plate has a surface charge density +q 
and the right-hand plate a surface charge density —g. We have then the force 
F; = 2rq. The force F2 accounts for the action on the particle due to the dielectric 
between the surface of the particle and the metal plates. The force F3 acts on the 
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particle owing to the conditions within the particle. If the particle is a sphere of 
radius r with a surface element dS, we have F2 caused by two forces, one force F’ 
due to layers of induced charges on the dielectric facing the conducting plates. It 
is fF’ = —47rI. The other force F” is due to charges on the surface of the sphere. 
For the angle ¢ of J, we have the normal component J cos y. According to Coulomb’s 
law, the force on the interior of the particle is, per surface element, (J cos g dS) /r?, and 


a/2 
I dS i 4rIT 
pram f TOM cog ae | eS ert sin yp dp = —— 
iP 0 7 3 


Hence, F2 = —4nrI + (4rJ/3). The component force F; is generally an involved 
function depending on several parameters, such as the temperature, for instance. 
In the Clausius-Mossoti relation, it is assumed that F; = 0 and, therefore, 


An] 4a 
Rom deg — 4nd tee 


D 


since D = m& +4rl, according to (886b). The force F acts on one molecule and, 
according to (886c), with an average electric moment M = PF. Hence, for N mole- 
cules per cubic meter dielectric and the polarization J per unit volume, we find 


A4nI 
1 = vat = Nbr = NP (wo +4) (886d) 
From (886b), we find 
KoS + 4rl = xox,& 


or the polarization per cubic meter as 


koS(kr — 1 
js Ko8(r — 1) (886¢) 
Ao 
which, inserted in (886d), eliminates J and yields 
Ko&(kr — 1) KoS(kr — 1) NPxo& 
—_— = NP | x08 = — 
a E ain 3 3 (8 + (x 1)] 
Kr + 2 
or 
kr — 1 4rP 
oe ee G05 


For a constant polarizability P, the ratio (x, — 1)/(x- +2) is proportional to the 
number of molecules, 7.e., proportional to the density Da, referred to 1 cum. Hence, 
the outcome of (886f) confirms the Clausius-Mossoti relation (886a) for a fixed value 
of P. Inasmuch as x; is almost unity for the troposphere, we have (x, — 1)/ (kr + 2) 
=> (x, — 1)/8, and (x, — 1) is practically proportional to the density of the air. This 
is the reason why the difference (x, — 1) enters the atmospheric refraction relations. 
From now on, we can change over from the Giorgi mks system to the customary — 
classic egs system, since x, is numeric and has the same value for 1 cu cm as it has for 
a cubic meter in Giorgi units. Multiplying, therefore, each side of (886f) by the 


» 
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molecular weight W in grams and dividing each side by the density D. in grams per 
cubic centimeter, we find 


ke —1W _ 4xP 
a? Dee 


A (886g) 


since A = NW/Dz, is the Avogadro constant 6.064 < 1023 mole~!, because of the 
number of moles for 1 g molecular weight. The molar polarization then becomes 


kr —-1W 
P, == ae 10%4P 
82 Ds 538 X (886h) 


For an ideal gas, the molar volume W/Da, = 22.4 X 103 cu cm at 0°C and 1 atm. 
Therefore, 


kr — 1 


kr +2 


22.4 X 10? = P;, = 2.54  1024P 


The polarizability becomes then 
P = 887 X 108 2 — (886i) 
= 8. Sao 2 

For x, essentially unity, we find 


8.87 X 1074(«, — 2B) 
3 


P= = 2.95 X 10%1(x, — 1) (886;) 


The molar polarization P,, is, according to (886h) and (886m), 


MM: B 

Pm = 2.5388 X 10%4( Pp + —~ ]} = A + — 

8 X 10 ( ot i) te T 
The final form holds for the case where the molecule is polar. The intercept A and 
the slope B of this line give a way of finding M» from the constant B if the P,, line 
is plotted for two experimental values of different absolute temperatures 7’ = 273°+C°, 
If P does not vary with 7, we have a horizontal line and M) = 0. This is the 
case for nonpolar molecules. Inasmuch as in electromagnetic refraction the index 
of refraction n accounts for the degree of ray bending and for the troposphere n = WV kry 

we have for the molar refraction 


n?—1W 


— = 2.54 x 10#P k 
ESD, Tae 10 (886%) 


174. Physical Properties of the Atmospheric Index of Refraction. 
The atmosphere is a mixture of gases, and Eq. (886f) leads to the general 
expansion 


Karel A (PINAL .NaeP Nae) (8861) 


where the numeric relative dielectric constant x, of the mixture is the 
square of the atmospheric index of refraction n, the quantity N, denotes 
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the number of molecules per unit volume of gas 1 with a polarizability 
P;, the quantity N» is the number of molecules of gas 2 of polarizability 
Ps, etc. The respective polarizabilities P are given by the expression 
MG 
3kT 


where Po is the polarizability that is fixed (is constant) in the HF field, 
Moy is the permanent moment, k = 1.3708 X 10-!* erg - deg-! is the 
well-known Boltzmann constant,! and T is the absolute temperature 
273°+C*°. The permanent moment Mp vanishes for nonpolar molecules. 
Since for the lower atmosphere we have x, = 1, we have again 


(k, —1) Sena) 
(kp 2) ae 3 


P=P,+ (886m) 


? 


and Eq. (886) reads 
k — 1 = 12.56(PiNi + PoN2 + P3N3+ - - -) (8867) 
This relation is useful, since 
kK = 1+ 12-562PH (8860) 


gives us the relative dielectric constant of a gas mixture with respect to 
ko = 8.854 X 10-¥ farad/m, holding for empty space. The number NV 
of molecules per unit space of a gas is found from the knowledge that 1 
mole with 6.064  10** at 76 em Hg atmospheric pressure at 0°C occupies 
22.4 X 103 cu cm volume (Avogadro law), and NW/D» = 6.064 1028 
mole~!, where W is the molecular weight in grams and D, the density 
in grams per cubic centimeter. It is then more convenient to express 
the dielectric constant or its version in terms of the index n of atmospheric 
refraction by n* — 1 = 12.562PN, instead of n? = 1 + 12.562PN, since 
n = x, can differ only by very little from unity for atmosphere, 
because x, = 1. However, the difference x, — 1, say, for air next to ground 
and x, — 1 for an altitude of 500 ft above the ground may be noticeable 
and of different magnitude. 

Experience and numerical speculations show that the hwmidity in the 
lower atmosphere is mostly responsible for the gradient dn/dh of the 
index of refraction. It may cause downward bending of the electro- 
magnetic ray and, in some cases, even an upward curvature of the ray. 

A humid atmosphere is a mixture of dry air and water vapor. For 
normal atmospheric conditions (76 em Hg and 0°C), we have D, = Dy = 
0.001293 g/em* = 1.293 kg/m’, corresponding to x, — 1 = 0.00059, — 


‘The quantity & is the gas constant per mole (= 8.313 X 10? erg - deg-! - mole 
divided by the Avogadro constant A = 6.064 x 1023 mole71. 


» 
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showing that the relative dielectric constant is x, = 1.00059 instead of 
unity and the actual dielectric constant is x = 1.00059 x 8.854 x 10-12 
farad/m. The density D, for dry air is then, for any pressure and 
temperature, 


To-p _  0.001293H 
Da = 0.001298 > = G+ 0.00367 O)76 (886p) 
=Do 


where 0.001293 g/cm? is the density Dy at the absolute temperature 
T,) = 273° + 0° and pressure po and D, is the density for the tempera- 
ture T = 273°+C° and pressure p. In the second expression for the 
value of the density D,., the quantity H stands for the height of the 
mercury column in centimeters for the pressure p. We find, therefore, 
at 10°C and H = 73 cm 


0.001293 X 73 
(1 + 0.00367 X 10)76 


D, = = 0.001198 g/cm? 

while at room temperature (20°C) and H = 72 cm Hg column, we find 
Dz = 0.001141 g/cm for dry air. For the density of moist air, we find 
for the barometric pressure H in centimeters of mercury, a water vapor 
pressure e of the moisture in air in ears and the absolute tem- 
perature T = 273°+C° i 


273.13(H — 0.3783e) _ 0.00463(H — 0.3783e) 


Dz = 0.001293 767 = 7 


g/em* (8869) 


where H — 0.3783e is the corrected pressure in the mercury column due 
to water vapor. The quantity 0.3783e can be directly obtained from 
dew-point tables, where e is usually taken as the vapor pressure in air 
in millimeters. This can be readily changed to centimeters. When 
wet- and dry-bulb thermometer readings are made, the value of e can 
be found in the Table on Reduction of Psychrometric Observation and 
the Hygrometric and Barometric Tables.!_ Referring to such tables, the 
value of 1.293  273.13/T and (H — 0.3783e)76, a multiplication will 
give the density in grams per cubic centimeter. If we desire, for instance, 
the density of humid atmosphere for a barometric pressure H = 75 cm,.- 
a dew point at 10°C and an air temperature of 20°C, we find in such 
tables for 0.3783e the value 0.348 cm, yielding the pressure as 75 — 
0.348 = 74.652 cm = H — 0.3783e in (886q). The final expressions for 
(886q) leads to the evaluation 

1Such tables are in the ‘‘Handbook of Chemistry and Physics,” 27th ed. This 
reference also gives tables for B — 0.3783e, where B is the barometric pressure in 
millimeters (= 0.17) and e¢ in millimeters column of mercury. There are also tables 
in the Smithsonian Physical Tables. 
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ae 0.00463 X 74.652 
“ai 273 + 20 


This result corresponds to a density of 1.183 kg/m instead of 1.293 
kg/m (in the case of dry air for standard reference condition, 0°C and 
H = 76 cm Hg column). Table 61 gives possible values of the atmos- 
pheric density D, for different altitudes h above the surface of the earth. 


= 0.001183 g/cm? 


TaBLEe 61. Possrsne ArmospHEeRiC Density at DirreRENT ALTITUDES ABOVE 


GROUND 
Altitude h | Atmospheric D D D 
above density Da, | h, km k /ma8 h, km k jens h, km k Fett 
ground, km kg/m3 8 8 & 
10 Th} 4.0 0.812 7.0 0.585 | 10.0 0.41 
Ae 5) 1.05 4.5 0.77 7.5 OFbd5 10.5 0.385 
2.0 1.00 5.0 0.728 8.0 0.528 11.0 0.35 
255 0.948 5h, Ee 0.69 8.5 0.496 LS 0.326 
3.0 0.900 6.0 0.652 9.0 0.465 12.0 0.300 
BaD 0.852 6.5 0.619 OFS 0.435 | 12.5 0.28 


Remarks: 1 km = 1,000 m = 0.6214 statute mile = 0.5396 nautical mile = 3,281 ft; 1 kg = 
1,000 g = 2.20462 standard pounds; 1 kg/m? = 16.02 lb/ft®; 1 lb/ft? = 6.243 * 10-2 kg/m3. 


A plot of these values shows that the density D, is not a linear function 
of h. This would be expected, since the atmospheric pressure is cumula- 
tive as h decreases toward the surface of the earth. Figure 270 gives 
curves for the relation (x, — 1) for humidity present and without it. 
The value of 0.00059 holds at the surface of the earth for dry air in the 
case of 1 atm and 0°C (1 at = 14.71 Ib/in.2 = 1,013 kilodynes/cm? at 
sea level for 76 cm = 30 in. Hg column at 0°C = 273°K). For all 
other densities, we can compute («, — 1), since the number of N; mole- 
cules is proportional to Dg. 

Since the index n of refraction is not very different from unity, we 
find, from n = Wk, = V1 — (x, — 1) 21+ W(x, — 1) and for the 
gradient of the atmospheric refraction, 


dn ak, — 1 


It is this gradient which accounts for the curvature of the radio beam due 
to electromagnetic atmospheric refraction and not the value of n itself. 
A fixed value of n with respect to a definite altitude change would mean 
only a phase velocity c’, which is somewhat different from c = 3 X 108 
m/sec but which is still constant. Therefore, in the case of x, # 1, we 
have a different fixed phase velocity 
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poe 1 Bai 1 wie anc 

fo Vine 1 </p a Shee 
from c = 1/V/ poco = 3 X 108 m/sec. This is then also a fixed index 
n = c/c’ and corresponds to a rectilinear wave propagation. According 
to (886r), it is the change in the (x, — 1) value that counts, and curves as 
given in Fig. 270 can be used for finding the curvature of the electromag- 
netic ray. 


From about this region on 
up to higher altitudes 12.56, TH 
SV 7s zero and only the terms 


O12 3 4 CRS 9 10 
Altitude h-> 
= (xk /8.854) 1012; « is the dielectric constant in farads/m at an altitude of h km; n is the 
corresponding electromagnetic index of refraction. 
(kr = 1) = 12.5671Mi + 12.56 p2N 2 a= 2(n = 1) 


a ee 


due to dry air due to water 
vapor 


Fig. 270. Variation of the relative dielectric constant xy in the troposphere. 


175. Remarks on the Dielectric Constant and the Index of Refraction 
of the Ionosphere. The value of the relative dielectric constant x, of 
the lower atmosphere is, according to Eq. (886n), given by x, = 1 + 
12.562NP, where we usually consider only two terms, NiP; + NoP2, in 
order to account for the effect of dry air and the effect due to water vapor 
in the atmosphere. 

Suppose we have a plane electromagnetic wave passing through a 
medium along the X axis and polarized along the Z axis, and suppose 
the medium is ionized.!. Then &, volts per meter and H, amperes per 
meter are the electric and magnetic constituents. The wave motion can 
then be expressed by 


= Se jo( + 7) volts/m (887) 


1Hunp, A., ‘Phenomena in High- bddudnes Systems,” pp. 367-405, McGraw- 
Hill Book Company, Inc., New York, 1936. 
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where the distance z is in meters and the phase velocity c’ in meters per 
second, Across a square-meter plane normal to the Z direction, we have 
an instantaneous current density of 


0&, 
ot 


Jeg=JSHk amp/m? (887a) 
where J is the conduction current density and «(0&,/dt) = jwx&, the dis- 
placement current density. This is exactly what happens in an imperfect 
dielectric of a two-plate condenser. The electric field is then 


&, = Soe” /") (cos wt + 7 sin wt) volts/m 


where the propagation term exp [—jw(x/c’)] is of no concern if we are 
interested only in the dielectric constant of the field medium. Suppose 
first we have only one ion of charge gq. Then &, will exert a force g8, 
on the ion, while the associated H, field normally has only a negligible 
effect. If m is the mass of the ion, then m(d’z/dt?) = q&, is the well- 
known equation of motion of the ion, since m(d%z/dt?) is mass times 
acceleration and g&, is a force. We have then, for the displacement z 
of the ion, 


eee, Gg 
ees &; meters (887b) 


against the direction of &.. If w is large as for short waves, the ionic 
displacement can be only very small, because z is inversely proportional 
to the square of 6.28f. Hence, if we have electrons instead of ions, the 
electrons can be moved rapidly, on account of their much smaller mass, 
and without much energy dissipation, provided the electron density N 
(numbers of electrons per cubic meter) is not too large. The conduction 
current density, in amperes across each square meter, is for N ions of 
charge g and mass m given by J = Nqv, where v is the ionic velocity in 
meters per second. This happens because J is the number of charges 
crossing each square meter per second. But the velocity v = dz/dt, 
and we find from J = Nqv and (8876) 


J =Nq—= —-j mae & = 0& amp/m? (887c) 
ma z z 
But J/&, represents a conductivity 
g¢= —j— (887d) 


We have, therefore, ions mixed with the dielectric, which without ions 
would have practically a dielectric constant of x farads per meter, In 
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the presence of ions, we must then expect in the ionized medium a value 
Ke = «ko farads per meter. This dielectric property of the ionized 
medium can be found from (887a), since we have 


Be Ne ] 
Jima) = J+ xy “is o& + JwkoS: = J (on ie Na") &, 
oF Nq@? 0&, rn 0&, \ ' 
= (0 — BE) Se a Basra 
f? 


ero 5g Ko (1 = f | farads/m 


The quantity «, is then the equivalent dielectric constant in the presence 
of N ions. The quantity f is the operating frequency, and f, represents 
the critical frequency for which x, becomes zero. This happens for ky = 
Nq?/mw*, and 


fe = 5.87 X 107? aly Mc/sec (887f) 


Zero equivalent dielectric constant «. means a phase velocity c’ = 


_ 9 X 1018 
= 


1/V/u00 = «© anda group velocity c’’ = 0 in the ionosphere. 
19) 


Therefore, for the critical frequency f,, the ionized medium will no longer 
permit an electromagnetic energy transfer. This is then the frequency 
for selective absorption. 


That such a frequency must exist can also be seen from (887e), since 
.Nq ; 
J = c&, + Juxo&s =fap ae. GS, + Jwko&z 
mo 


where (—jNq?/mw)&. is a displacement current density, jwxo8. is an inductive current 
density, and respective j terms can balance themselves and cause complete cancel- 
lation. Such a condition may be called “ionic medium resonance,” where the ionic 
excursions become so pronounced as to use up all the field energy due to collisions. 


According to (887e) for the relative dielectric constant of the ionized 
medium with N ions, each ion of charge g coulombs and mass m in kilo- 
grams, we have 


2 2 


Ko Koma) 2 mf? 


where f is in cycles per second. Since the index of refraction is n = 
c/c’, we find 


7 2 
n= ee = Nie = v/! — 2.87 x 10-3 aw (887h) 
s LoKo OKO 


980 SHORT-WAVE RADIATION PHENOMENA [Cuap.. VII 


where f is in megacycles per second. In terms of the operating frequency 
f and the critical frequency f., we have 


ee NID 
ne i x () (8874) 
f 

From (887e), we note that «. is smaller than the dielectric constant of 
empty space. From (887b), we note that the displacement z against 
the electric field &, is all the smaller the higher the frequency. At the 
top level of the troposphere (about 10 km above ground), we shall hardly 
encounter an ionized region. Therefore, any reflections coming down 
from the troposphere are, rather, due to abrupt changes of x, values. 
The energy of such returned rays cannot amount to much, since the 
reflection coefficient would be of the order of 0.01 or even less. 

From experimental experience, as well as theoretical speculations, 
the ionized region of the upper atmosphere can hardly play an important 
part for radiators and receiving antennas that are located below the 
ionosphere at frequencies above about 100 Mc/sec, since wave return 
for such frequencies does not occur often and is anomalous. Matters 
are, however, different when a certain moving object with a short-wave 
radiator passes within or even above the ionized region of the upper 
atmosphere. Such radiation can cause field effects below the ionosphere 
and be used to locate from ground stations the moving object mentioned. 

176. General Remarks on the Effect of the Refractive Index Varia- 
tions in the Troposphere on Radiation Beams. So far, we have found 
that the relative index n of refraction is larger than unity in the lower 
atmosphere, because the relative dielectric constant x, in the lower atmos- 
phere is somewhat larger than unity value. We have for it the value 
kr = 1+ 12.562NP. In the ionized medium, x, is, however, smaller 
than unity value. Moreover, for two electromagnetic mediums with 
no conductivity effects as for the atmosphere, for respective indexes 7; 
and nz, we have the Snell law n; sin 61 = nz sin 62, 7.e., n sin 6 = con- 
stant, and 


eet = Ne ee (888) 


Since the troposphere is not magnetic, we have wi = we = wo henrys per 
meter and n = VV k2/«1, Where «; is in farads per meter for medium 1 and 
cy = 1/-~/ oxi meters per second is the corresponding velocity of wave - 
propagation. For medium 2, we have the dielectric constant xo. and 
velocity co. The quantity 4; is the angle of incidence on the surface of — 
separation between medium 1 and medium 2, where incidence 6; occurs 
in medium 1 against the normal to the surface of medium separation. 


> 
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The quantity 62 is the angle of refraction for wave transmission into 
medium 2, likewise with respect to the normal to the surface of medium 
separation. We can then imagine the lower atmosphere as being made 
up of many layers, each of a somewhat different refractive index n 
corresponding to relative dielectric constants «1/ko, K2/ko, K3/Ko, Ka/Ko, 
, Such a concept will lead to successive refractions as in Riev27i 
For the condition that air is denser at lower levels than at higher levels, 
the incident ray AB making an angle 6, with the normal to the h, level 
will be refracted away from the normal by an angle 02, causing a trans- 
mitted beam BC, etc., until at D horizontal gliding would take place 
(just before 6 = 90 deg). However, just before this happens, the reflec- 
tion law breaks down and, accord- 
ing to Gans, total reflection takes 
place. Thereafter, the ray again 
goes through consecutive refrac- 4; 
tions. Assuming that the heights 4, 


/ Radio bear 
Fwithout refraction 


Consecutvely 
refracted beam 


ha, he, hs, . . . are such that 1, ne, A 
7 
M3,. . . are fixed average values for 
thicknesses hi, ho — hi, hs — he, TAG, TTT 


Be then a ray AB starting out Fie. 271. How a radio beam becomes a 
é : curved beam b f i 
with an angle 90° — 6, with respect fofmotion. o> rreruive 


to the horizon, will cause angles 62, 


63, . . . , according to Snell’s refraction law (sin 6:)/(sin 62) = n2/ni, 
(sin 62)/(sin 63) = ns/ne, - - - , where for quite a wave progress the 
equality n2/n1 = ns/n2, - - - may prevail. For such a condition, we 


should have the same ray curvature along the electromagnetic path. 
For a gradual change dn/dh of n, as is normally the case, we have n sin 6 
fixed and the conditions of Fig. 272. If then, at a certain altitude h, the 
index of refraction isn = \/x;, then, at the altitude h + dh, it must be 


on OK; 
At the altitude h, we have the dielectric constant x = xox, farads per 
meter; and at the altitude h + dh, we find 


OK OKy 
K+ ah dh = ko (« + Oh in) farads/m 


If, as is often the case, we have dry atmosphere, « > « + (d«/dh) dh, 
with a phase velocity c’ at D along the arc DG that is less than the phase 
velocity c’ + Ac’ at FE along are EF, because 
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C= La and e+ Ae’ = of + So dh = 
\/ bok “ + OK dh 
a Ne 
m/sec (888a) 


At point H of the wave-front element HD, we have a larger phase velocity 


(c+Ic)dt 


Fie. 272. Condition for the same curvature 
along the electromagnetic path. AB ele- 
mentary upward-tilted wave front at the 
beginning of the wave motion; HD wave 
front at height h; GF downward-tilted wave 
front; arc AF m = (c’ + Ac’)dt®e°); 
BG = c’dtm;c’ andc’ + Ac’ are phase veloci- 
ties in m/sec. Curvature due to n sin 0 = 
constant for a sector angle d@; m is index of 
refraction of the wave medium. 


into position GF. 
radians and GF = dh. Hence, 


dé 


are. 


ce’ + Ac’ acting than at point D, 
where it is only c’ meters per 
second. If the angle dé is taken 
sufficiently small, as well as the 
width dh of the wave front, AEF 
and BDG will be concentric cir- 
cles of radii p + dh and p of prac- 
tically the same curvature 1/p. 
The original wave front dh = AB 
facing somewhat upward, due to 


the larger phase velocity c’ + Ac’ 


along the A circle than the phase 
velocity c’ along the B circle, will 
gradually turn vertical as HD and 
afterward face somewhat down- 
ward as FG. The wave front BA, 
by traveling with B on point G, 
is, therefore, no longer with point 
A on point A’ (as would be the 
case for equal-phase velocities) 


but has turned by an angle d@ 
Since dé is exceedingly small, we find tan (dé) = dé 


_ (e' + Ac’) di —ec' dt _ Ac’ + dt 


dh 


dh 


proving that the electromagnetic beam follows a curved path owing to 


the variable phase velocity. 


The radius p of the curvature is found 


from p dé = c’ dt, where dé is in radians and the curvature 


1 d9 _ Ac/(dt/dh) _ Ac'/dh 


paral 
But Ac’ = (dc’/dh) dh, and 


1 _ dc'/oh ay 


dllog. (c’)] 


c’ dt ne 


p é 


es (888b) 


Src. 177] SPACE RADIATION 983 


is the relation for the curvature. The expression de’/dh = c'/p then 
fixes the radius p of the curved beam. Since c’ = c/n and c = 3 X 108 
m/sec is a constant, we have, for the equation of ray bending, 


Tr dn). 5 3/ Rer eee Lon 
5 aie Sayse — n( *) dh hn ah (888c) 


This expression gives the path relation in terms of the radius p of curva- 
ture if the index n of refraction, is, as in our case, known everywhere. 


Radiation 

center y veal: at 4, BR! 

Aé¢ D y oi Se need 
Wek’ Curved path n 
ey “ changes with h 


LM ‘Reception 
center) 


R’ +ha =p— for are AD 
Curved path AB requires the least time to move electromagnetic wave energy from A 
through angle w to line OB” 


ihe V(R +h)? + [d(R +h) /ay 
0 n(R +h) 


dy = minimum 


Index n of refraction depends only on variable radius R +h, and h varies from ho to hi. 


Fie. 273. Actual ray path AdefghB from radiation center A to reception center B due to 
atmospheric electromagnetic refraction (according to Fermat’s law this is the path of fastest 
wave propagation). 


Inasmuch as we know x, — 1 and for atmosphere, according to (886r), 


m &0.5(e, — 1) 4 ee = SOB SDT 


dh dh 
we find 
1 0.5 d(t,—1) [d(x — 1)]/dh 
pe itll. = ie het@jan oo 


where for the troposphere 2 + (x, — 1) is very nearly equal to 2, as will 
be seen from examples that will follow. 

177. Remarks on the Path of an Electromagnetic Wave in the Lower 
Atmosphere. In Fig. 273, the location A denotes the radiation center 
and AdefghB represents the curved path due to atmospheric electromag- 
netic refraction, since the index n varies with the height h above ground. 
The curvature AB is given by formula (888c) as well as by formula 
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(888d) in terms of the relative dielectric constant x, of the atmosphere. 
According to Fermat’s law, the curvature AB is the path for the fastest 
propagation, while path AB’ would result if the index n of refraction 
were constant for all heights h. The path AB’ would hold if the curva- 
ture 1/p remained fixed while the wave front turned through an angle y. 

According to (888d), the curves for x, — 1 are as in Fig. 270. These 


OMe Sand 56. 7 38 hkm 
km 
Fic. 274. Characteristic (x, — 1) curves. General equation of the curves is m = A + 
Bh + Dh? + Eh? + Fh* + -- - , where A, B, D, F, etc., are constants. 


curves are then of the form as shown in Fig. 274, and the process of 
finding the curvatures of path AB im Fig. 273 is as follows. 


Any curve can be approximated by a function 
m= A+ Bh+ Dh?+ Hh? +FRt+.--- 


if A, B, D, E, F, . . . are constants and m is a function of h. The curves in Fig. 
270 and the curve to the left of Fig. 274 are single-valued and without inversions. 
We can then neglect terms higher than h? and have parabolas, yielding 


kr —1 = A + Bh + Dh? (888e) 


This is an easy form to differentiate and yields, in combination with (888d), the ray 
curvature 


—_— 


ik B+ 2Dh 888 
p 2+ (A + Bh + Dh?) Gee7 
and a ready means for computing the path AB of Fig. 273. In order to find out to 
which portion of the x, — 1 curve of Fig. 274 the approximation (888) applies, we 
choose, for instance, points a, e, and g in Fig. 274 with the corresponding coordinates 


m and h, which, for point e, are m. and he, respectively. We have then the three 
equations 


me = A + Bha+Dhi; me = A+ Bhe+Dh?; mg =A + Bh, + Dh? (888g) 


for point a for point e 


for point g 
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from which the three constants A, B, and D can be found, since the numerical values 
of ha, he, hg, Ma, Me, and m, are found from the «, — 1 curve of Fig. 274. Inserting 
the numerical values thus found for A, B, and D in (888e), we find the approximation 
function for the abdefhg curve. If points b, f, and h with their respective coordinates 
also satisfy (888e) with the numerical constants A, B, and D, found from (8889), the 
entire curve abdefg in Fig. 274 is given by (888e). If this is not practically the case, 
we know that points a, e, and g, yielding (888g), were chosen too far apart. It is then 
necessary only to use points closer together, such as a, b, and d, and determine the 
numerical values of A, B, and D from 


me =A + Bho +Dh?; mm =A+Bh+ Dh; me =A +Bha + Dh (888h) 


for point a for point b for point d 


This outcome will then hold to a fair degree of approximation for curve abd of Fig. 
274. 

Equations (888h) are conveniently solved by determinants,! in order to find the 
constants A, B, and D. For the divisor, we have the determinant 


rea hy WP homes home 
Geese hel = i)” | 9) + 11? 9 Sees 
1 ha 2 ha hi ha hi hy hy 

d 


= hh — hah? + hah? — hah? + Roh? — hoh? 


A rearrangement of these terms, by using the common factors, is of no value when 
dealing, as in practice, with numerical values for he, hy, and hg. The application is 
just as easy in the form in which the above relations are written. For the sum deter- 
minants, we find in the same way 


ie ike We 

ec 8 hy hh he he? hoeeh 
Ag = my hy hy} = mol,” 93) tml? aa] + male? 9s 

Ma ha he 2 Z Z “ e 


= ma(hoh3 — hah?) + ms(hah? — hah?) + ma(hah? — hyh?) 


For the numerical values of ma, ms, ma, ha, hy, and ha, we have 


1 Ma h 2 2 2 
. See |e he Mamita ie, 1 
“aie Pe e Anta hal. + Nagel, i 
a 
= mph — mahy + mah2 — mah? + mah? — mph? 
1) pra 370 
x : hy m ha ™a hem, 
ape 7 = Be a ha Ma ha a mM 
= yma — ham, + hama — hama + ham — hyma 
We have 
A 
ee Boos Din = m= A+ Bh + Dh? 
A A A 


for portion abd of the x, — 1 curve of Fig. 274. 


1 Hounp, A., “High-frequency Measurements,” p. 488, McGraw-Hill Book Com- 
pany, Inc., New York, 1933. 
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Inserting the numerical values A, B, and D in (888f), we need use only one point 
of the abd portion if satisfactorily approximated by (888e), say mid-point b. We 
find then from the numerical value h;, which happens to be about unity, since hy 
= 1 km in Fig. 274, and 


1 B+2Dh 
ee Dh 881 
‘ FA + Bh EDR 958 + Dh (888:) 


where p denotes the radius of curvature for the altitude range ha to ha. Suppose ho 
in Fig. 273 is equal to ha and hzis the altitude of path point d. The center O’ of curva- 
ture Ad is found by locating the intersection of circles with radius p about A and d 
as centers. The arc Ad with O’ as center and p as radius gives the path Ad. In the 
same way, all other consecutive portions de, ef, fg, gh, . . . of path AB are found. 
This procedure gives directly the correct curved path AB with respect to curved 
earth. It is understood that the readings for the x, — 1 curves must be taken at 
different altitudes at different locations along the desired direction of wave propaga- 
tion, since the curved path AB of Fig. 273 may be 40 to 100 miles long and the atmos- 
pheric conditions for one and the same height, at y = 0, may be very different at 
other angles. This means that the gradient dn/dh, is not necessarily the same as 
dn/dha. The difference will be especially pronounced the last few hundred feet toward 
ground. 


178. Possible Gradients and Interpretations of Curved Paths and 
Concept of the Equivalent Earth Radius. Figure 275 shows a curved 
ray abdeghk, whose length is drawn exaggerated with respect to the earth 
radius & in order to separate respective centers 0, Ox, O3 of curvatures 
ad, dg, and gk. For curvature ad, we have sector O,adO;; for sector 
O2dgO2, we have the curvature dg; and curvature gk belongs to sector 
OzgkO3. The curved ray is shown twice in Fig. 278 in order to bring 
out more clearly the difference between the actual heights h of the actual 
ray. ‘These heights, such ash = h, for path point aand h = hg for point 
d, must be normal to the circle of earth radius R and not to the circle of 
curvature radii pi, po, ... , since these radii are not known to begin 
with but computed from the «x, — 1 curve. The representation to the 
left of Fig. 275 brings out why «x, — 1 curves for different locations along 
the desired propagation directions are needed in ray diagrams. This 
is the case, since the same height at point a surely cannot have the same 
x, — 1 value as at a far-off point at the same altitude, just as we should 
not always expect the same temperature and the same humidity at loca- 
tions, say, 40 miles apart, even though at the same level. There is 
especially a great difference if we deal with locations of gradient inver- 
sions and generally with locations close to ground and separated over 
larger distances. The left illustration of Fig. 275 also shows that a ray 


may start out with a variable curvature abde and actually pass through 


a region above the tangential plane on a sphere of radius R -+- h through 
the radiation center a until the curved ray (refracted ray) cuts through 
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the plane and curves, according to dn/dh, which is the index of refrac- 
tion variation along the remainder of the path, such as ghk. Between 
h and k, the ray actually cuts through the geometric optic line- 
of-sight plane. This means that reception is possible at certain places 
in the so-called. ‘electro-optical”’ shadow region and up to point k. 
Therefore, refracted electromagnetic wave energy can readily pass in 
the geometrical shadow region. We shall also find that even longer 
ranges and considerable space below the line-of-sight plane can be filled 


Concentric circle of 


tadius R+h 
Tangent to Hor: 
concentric. , OriZOr?. 
circle 


Fie. 275. Curved path of an electromagnetic wave (showing that wave propagation is 
possible beyond the optical limit Z on account of atmospheric refraction). Altitudes h 
shown exaggerated with respect to radius R of earth. abdeghk is curved ray path. R is 
radius of earth with center O; p1 is radius of curvature abd and center O01; p2 of curve deg and 
center O2; p3 of curve hk and center O3. ; 


with electromagnetic fields owing to diffraction effects. We then deal 
with Fresnel diffraction patterns also. 

When plotting ray diagrams, we can do this with respect to a circular 
abscissa axis and extensions of radii for the corresponding height ordi- 
nates, as in Fig. 274. This can be done more conveniently by means of 
rectangular coordinates, for which the distance or range is along the X 
axis and the height along the Z axis. Such perpendicular reference axes 
will require a modification of the path curvature, as can be readily seen 
from the representations of Fig. 276. Since the gradient dn/dh, 7.e., the 
variation in the atmospheric index of refraction n with respect to altitude 
h, accounts for the shape of the path, the polarity of dn/dh as well as 
the value of d’n/dh? play a part also. The polarity may be positive 
as well as negative; i.e, +dn/dh or —dn/dh gradients may occur. This 
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means simply that we have either an increase or a decrease, respectively, 
for the value of n ashis changed. We can, therefore, have rays that are 
curved downward (convex) and portions of rays that are curved wpward 
(concave). For standard atmosphere, we have then a negative refraction 


Radiation ae ee Modified /inear 
ceriter es : CI Cfo path 
ay cd Radhation Ae x 
Aon 2 cerrer Us 
4) 5 é eat 
sas ee locatiora bie, a 
jee i Dra (os s 5 O arg / 2 / . 
ISCE 1, location j §s : SS 
Wie oe ‘ — 
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0=67mm earth Re=6/.3 m7} |, ; 
f Seoul 
Coad ih a G, “s ofter</° }/ Equivalent 
earth 
Center of circular Center — \Whi 
path of curvature z ofearth | 
(a) (b) 
Requirement: n sin 8 = constant 1 1 i 


applies only when dn/dh is constant. 
n is index of atmospheric refraction, and 
his height above the radiation center. 


Fig. 276. Construction of modified path from actual curved path due to atmospheric 
refraction. ‘ 


gradient, since the dielectric constant x, decreases with the height h, and 
we have dn/dh = d(x) /dh as a negative gradient. It is 


a = —(3.5 X 10-8 to 3.95 X 10-8) perm 


= —(1.065 X 10-* to 1.2 X 10-8) per ft altitude change 


For dry air, we find from Fig. 270, for instance, between heights 4 and 
5 km, essentially a linear progress; 7.e., the tangent on the h = 4.5 km 
point gives about the same slope as the curve portion connecting h = 
4 and h = 5 km points. We can, therefore, use these two points to 
find the negative dn/dh gradient. We find, for h = 4 km, the value 
x, — 1 = 3.70 X 10-‘and, forh = 5km, the valuex, — 1 = 3.41 X 10%. 
Hence, the gradient 


dae ie (Gee 3.41103 
dh 4—5 


= —0.29 X 10-4 per km 


This gradient is the same as the gradient d(x,)/dh, since the constant 1 
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in (x, — 1) cannot affect the value of the derivative. But n = Vk, = 
V1 + (ke — 1) S14 0.5(c, — 1) or 

“nn — 1 ho eel (8887) 
The refractive gradient then becomes 


dn dn—1 1 d(x, — 1 : 
a ( ah ta 5 Ms ah We —0.145 X 10~‘ per km altitude change 


For the h = 0 to h = 1 km region for dry atmosphere, 7.e., the first 
kilometer region above ground, from Fig. 270, we find for h = 0 km or at 
the ground surface, the value (x, — 1) = 0.00059. For an altitude 
h = 1 km, we find (x, — 1) = 0.00052, yielding 


dn _ (0.5(5.9 — 5.2)10-4 


= = — —4 
7 54 0.35 X 10 


per kilometer altitude change right above ground (for the first kilometer 

region above ground). The values per kilometer show that we have 

about an average gradient of —25 X 10-° per kilometer in this region. 
Equations (886p) and (8887) can be brought into the form 


1 79.5 X 10-8 4,800 
#—-1=5(%—1)= 05 610" (p+ a) (888k) 


where 7’ denotes the absolute temperature 273+°C, the quantity py; is 
the pressure in millibars for dry air, and po is the pressure in millibars 
for water vapor. One millibar is a bar divided by thousand. The defini- 
tion of a bar, 7.e., the cgs unit the ‘‘barye,” is the pressure of 1 dyne/cm?. 
The megabar is 10° dynes/cm?, and the millibar is 10-3 dyne/cm2. We 
have the relations 


1 bar = 1 barye = dynes/cm? = 98.07 kg/m? = 478.8 lb/ft? 
= 6.895 X 104 lb/in.? 


Figure 276a shows a curved path that leaves the radiation center 
under an angle 6; with respect to the horizontal. The radiation center 
is at a height h, with respect to ground, while the point P of the curved 
path makes another angle 6, with respect to the horizontal. The 
R-+ fh; circle is the location for the reference value mi, Which can be 
taken fixed only for altitudes higher than 3 km above ground, since, for 
the lower atmosphere, », may vary considerably along the (R + hi) 
circle if arcs, say, 20 to 100 miles in length are of concern. The same 
holds true for the (R + h, + A) circle if h; + h is not out of the humidity 
region of the atmosphere. The simplest curvature condition happens 
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when the gradient dn/dh is everywhere constant. For such a constancy, 


we have the same curvature 1/p or degree of ray bending, which for — 


standard atmosphere, according to (888d), would be 


d(x, — 1) (5.9 — 5.2)10-4 
Ls, dh 0-1 
p 2+ —1) 2+4+0.5(5.9 + 5.2)10-4 
o7 x 10-4 


= 0:35 X 10-4 per km 


= T 94 0.000275 — 


This holds approximately for standard atmosphere (dry air) of. the 
(x, — 1) curve of Fig. 270 for the first kilometer atmospheric concentric 
shell. In the denominator for (x, — 1), the average value for h = 0 and 
h = 1 kmistaken. It corresponds to h = 500 m above ground. Since 
the radius of the earth taken at the equator is about R = 6,378.4 km, 
the curvature of the earth is 1/R = 1.64 X 10~‘ per kilometer. The 
path of the electromagnetic wave is, therefore, flatter (less curved) than 
the surface of spherical earth crust. We have 1.64/0.35 = 4.69 times 
more earth curvature. This difference can be expressed by a modifica- 
tion of the earth curvature as well as by a modification of the actual ray 
curvature. In one case, we simply take the difference 1/R — 1/p = 
1/R.; and in the other case, we take the difference (1/p) — (1/R) and 
apply it to the ray curvature. Taking up the first case, we find for the 
equivalent earth curvature 1/R. corresponding to the equivalent radius 
R, of the earth 


1 
R. ta (8881) 


Applying such a concept to the above numerical case, we find 


- = (164 — 35)10-* = 129 x 10-8 per km 
We have then an equivalent earth radius R, = 108/129 = 7,750 km, 
which yields a ratio R./R = 7,750/6,378 = 1.22, or an equivalent earth 
radius that is 22 per cent larger than the actual earth radius. 

For the numerical evaluation for the ray curvature, we note that 
1/p = —0.5d(x, — 1) dh holds essentially, since, even for the severe 
condition next to the ground, the denominator in Eq. (888d), namely, 
2+ (x, — 1) = 2, yields the 0.5 factor in the numerator. Therefore, 


the curvature of the ray is essentially equal to the refractive gradient or 


1 dn 


== (888m) 


py ie dh 
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for most tropospheric rays. This is a simple outcome indeed. We have 
a downward curvature for negative and an wpward curvature for positive 
gradients because 1/p comes out positive if dn/dh is negative and vice 
versa. 

The above computation is made for R., in the case of dry atmosphere, 
and taken from Fig. 270 for an air layer 1 km thick and next to ground. 
If we take the average gradient for the entire (x, — 1) curve for standard 


(dry) atmosphere, we have, as already computed, dn/dh = —25 xX 10-8 
per kilometer = —1/p, and 
1 il 1 


Rack 
The equivalent earth radius then becomes R, = 106/139 = 7,194 km 
with a ratio R./R = 7,194/6,378 = 1.18, 2.e., only 13 per cent more 
radius. In some work, a factor R./R = 1.33 isemployed. This makes 
RK, = 1.33 X 6,378 = 8,500 km and 1/R, = 117.8 X 10- per kilometer, 
Hence, 1/p = 1/R — 1/R. = (164 — 117.8)10-* = 46.2 < 10-* per kilo- 
meter. This refers to a refractive gradient of —0.46 X 10-‘ per kilo- 
meter or —4.6 X 10% per meter. This is the same as —1.4 X 10-8 per 
foot altitude change. The ratio R./R can be computed directly from 
the formula 


ale (164 — 25)10-§ = 1389 X 10-® per km 


Ie 1 
R ~ 1+ R@n/ah) ey 
since 
os a Sea dn 1 , dnfdh _ 1+ R(@n/dh) 
ie:  p Bk - «die 1 R 


It should be realized that the concept of the equivalent radius R, of the 
earth has s¢gnificance only when dn/dh is constant. This holds approxi- 
mately for dry atmosphere, but not at all for anomalous atmosphere and 
conditions with inversions and humidity effects. 

In Fig. 276a, the actual path, with point P on it, is on an are with a 
radius of 67 units, for instance, p = 67 mm, while the earth is drawn 
with a radius R = 32mm. Hence, 

ir = z _ ; = (3.12 — 1.49)10-? = 1.63 X 10-2 per millimeter 
yielding an effective earth radius R. = 100/1.63 = 61.3 mm. Figure 
276b gives the equivalent condition with a straight or modified path. 
The representations of Fig. 277 give similar curved-into-linear-equivalent 
path modifications, for several rays and direct and indirect rays, if the 
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refractive gradient is fixed (holding only for standard propagation con- 
ditions). The construction is exactly the same for each curved ray, as 
is given in Fig. 276a and b. It is based on the dn/dh = constant assump- 
tion, and the index n, at altitude h + h; is fixed along the nz, circle, as 
is the index of refraction n; at altitude ):, corresponding to a circle 
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Fic. 277. Modification of curved ray traces. 1, 2, 3, 4, 5, 6, 7, 8, and 9 are centers of cir- 
cular paths marked with like numbers. JT is radiation center. 


through the radiation center. The distances 0-1, 0-2, 0-3, 0-4, 0-5, 0-6 
along the actual spherical earth surface of Fig. 276a are the same as the 
distance 0-1, 0-2, 0-3, . . . along the equivalent spherical earth surface 
of Fig. 276b. In Fig. 277, the height scale is likewise greatly exagger- 
ated. We note that R./R = 61.3/32 = 1.92 is also a larger ratio now, 
since it corresponds to an equivalent earth radius of 1.92 <X 6378 = 
12,246 km. Such a large ratio as well as the equivalent radius may 
happen, since, according to (8882), for 1/R = 1/p, i.e., equal earth and | 
ray curvature, we have 1/R. = OorR. = ©. Aratio R./R of infinity is, 
therefore, a possibility. In Fig. 277a’, we have a modified ray pattern 
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of pattern Fig. 277a. The pattern of Fig. 2776’ is a modification of the 
representation of Fig. 277b. Inasmuch as linear rays occur in the modi- 
fied or equivalent ray diagrams, it is not necessary to construct the 
equivalent linear ray pattern by many points as in Fig. 276. It is neces- 
sary only to find the corresponding end point of each ray. Therefore, 
the modified ray 5 of Fig. 277b’ is found by scaling off the distance d; 
from earth point O and increasing the radius R, by a length equal to 
h;. This yields then point 5. The line from 7 to 5 is then the desired 
modified ray. In exactly the same way, the direct ray of Fig. 277a’ 
is found by scaling off the same distance OR» of Fig. 277a (along the 
actual spherical earth) along the equivalent earth of Fig. 277a’ and 
increasing the radius R, by h,. This yields the space point P in Fig. 
277a’. The direct ray is then the straight connection from T to P in 
Fig. 277a’. By scaling off the distance OG taken from Fig. 277a along 
the R, circle in Fig. 277a’ and connecting G with P, the remainder of 
the ray triangle is found in Fig. 277a’. On account of the exaggerated 
h scale, the angles appear many times larger (angles of incidence and 
reflection). The curved tangent ray TG@9 in Fig. 277b shows in compari- 
son with the dash-dot-dash line-of-sight straight ray that much wave 
energy may be refracted into the optical shadow region and over a con- 
siderable distance beyond and below the optical horizon. Moreover, since 
R = 32 mm in this figure corresponds actually to R = 6,378 km, we 
have 1 mm equivalent to 6,378/32 = 199.3 km. Therefore, in Fig. 277, 
we have p = 67 mm actually as 67 X 199.3 = 13,330 km. According 
to (880m), the fixed refractive index gradient becomes dn/dh = —1/13,330 
= —75 X 10-° per kilometer altitude change. But 

dn h(a 10) dk; 

aa 0.5 earines = 0.5 7 
Calling x: the relative value of a certain concentric layer of the atmosphere 
at the altitude h; and x2 the relative dielectric constant of a concentric 
layer of height hz above the earth surface, where hz is 1 km below hi, 
we find 


= —75 X 10-° per km 


Ge ki ike =F 
ah hy See 15 X 10-° per km 


Assuming that at hi we have a relative value x: = 1.0, and since —15 X 
10-* is the negative gradient per kilometer, we have hi — he equal to 
“unity, and 


Rien: Ke = jee ey = —-15 x 105: Ke = 1.00015 
hi — he 


This yields an average value x, = 1.000075 for the concentric atmospheric 
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shell of thickness hi — ho = 1 km. The concentric shell is then bounded 
by spheres of radii R + hi and R + he, where R = 6,370 km. This 
corresponds to an average dielectric constant of 1.000075 X 8.854 < 107-12 
farad/m, which is essentially the value holding for empty space. The 
reason for this is that we assumed respective altitudes close to the loca- 
tion where the value for empty space prevails, since x; was taken as 1.0 
for hy and hz is only 1 km shorter than hy. If we were to go to a layer of 
altitude h3, which is another 1 km closer to ground, we should have, at 
altitude hs, a relative dielectric constant «3 = k2 + 15 X 10-° = 1.0003. 
For the next altitude hs another 1 km 
closer to ground, we find x, = 1.00045, 
since Fig. 277 is based on a constant 
value of dn/dh. 

The assumption of a constant refrac- 
tive gradient is rather an ideal case. 
It may be realized in practice, however, 
in the case of dry atmosphere over quite 
a range if next toground. It may also 
happen for humid air for certain altitude 
ranges. We may then have a range 
with a constant value dn/dh, from 
ground up to about 0.5 km; then an 
h above ground > erratic variation, which may be par- 


Fie. 278. Conditions in the lower tiall caused by a positive radient 
atmosphere that may occur. y y P 8 


an atmospheric thickness of about 200 m (above the 0.5 km altitude); 
then another linear decrease dn’ /dh of different steepness for another 1 km, 
for instance; then again an erratic variation; then again another linear 
decrease, but of steepness dn’’/dh; etc. Such conditions, which may 
happen, are indicated in Fig. 278. 

We must distinguish between wave propagation for standard tropo- 
spheric conditions and tropospheric conditions of the lower atmosphere, 
for which this is not the case. For standard atmosphere, the index n of 
refraction varies steadily with the altitude h above ground level. The 


ray bending is then often taken care of by using an effective earth radius 


R., which is equal to 44 times the true earth radius R at the earth sur- 
face. Owing to changes in climatic conditions in the lower atmosphere, 
such as temperature inversions when warm dry air blows over a cool 
body like ocean and sometimes over certain earth surfaces, we deal with 
anomalous atmosphere and a corresponding anomalous short-wave 


propagation. It is then customary to employ a modified index M of — 


refraction defined by 


(due to a temperature inversion) for — 


— 
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M = 10+¢(n —1 +4) 


where n denotes the actual index of tropospheric refraction at height h 
above ground level! and F is again the radius of the earth at said ground 
level. We have then the following tropospheric graphs if we plot h 
against the modified index M. For standard tropospheric conditions, 
the graph represents a forward-tilted line in the h against M plot, and 
the customary ray theory can be used (we need a uniform slope). How- 
ever, when the slope does not remain uniform, we deal with a slope varia- 
tion of the h-against-M curve. This will cause a bending of the resultant 
field intensity pattern. If the plot starts out at ground level (h = 0) 
with a backward-tilted straight line until it reaches a height of h; above 
ground level and then continues with a straight-line forward tilt toward 
higher altitude h values, the wave-duct theory must be used, and we 
can normally expect a wave duct for the atmospheric layer with a thick- 
ness h;. This is known as simple ‘surface trapping.” The value of 
h, may be any value from a few hundred to a few thousand feet, depend- 
ing upon the operating frequency and the atmospheric conditions. The 
trapped wave energy may then be guided in the duct for very long dis- 
tances, and a receiving aerial w7thin the duct will make possible anomalous 
long-distance reception. The layer forming the duct is seldom as ideal 
as mentioned, and complete wave trapping can hardly be expected. 
If we have a plot for which a linear forward tilt occurs for a layer above 
ground up to a height h; and then a continuation that is a smaller forward 
tilt, we have a condition known as ‘“‘substandard.”’ Normally, the h- 
against-M plot! is not so simple but starts out with a forward ‘‘knee”’ 
and continues with a smaller linear forward tilt, for instance. We have 
then essentially a linear forward tilt from h = 0 to h = hi, corresponding 
to M = My, and M = M,, respectively. The plot then continues with 
a linear forward tilt of the same slope until the altitude h = hz is reached, 
corresponding to M = M;. The plot then continues with a linear back- 
ward tilt up to about an altitude h = hs, corresponding to M = M3. 
The plot then continues rather abruptly to a linear forward tilt for larger 
values than h3, but with less forward slope than the forward slope for 
the plot between h = Oandh = ho. Near altitudes hz and hs, the transi- 
tions in the plot are curved. For such a condition, we can cause an 
elevated wave duct between hi and h3. The plot assumes that My < Mi, 
M, > M, = M3, and M, = M3. 


1 For details consult a declassified report by I. Katz of the MIT Radiation Labora- 
tory. See also M. Katzin, R. W. Bauchman, and W. Binnan, Proc. IRE, 35, 891-905, 
September, 1947. 
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Generally, it may be said that for a troposphere for which the index 
n of refraction decreases with height h, electromagnetic rays of suffi- 
ciently small initial elevation with the ground level will be refracted 
downward with a curvature proportional to the rate of decrease of n 
with h. If the radius of the curvature then becomes smaller than the 
radius & of the earth, the electromagnetic ray reaches a maximum height 
hax above ground level and becomes ‘‘trapped”’ between hnax andh = 0. 
Trapping of electromagnetic field energy within a wave duct requires 
that the M plot must have a region of negative slope. The quantity 
represents the excess over unity in parts per million. Experimental 
results carried out under the auspices of the Naval Research Laboratory, 
Washington, D.C., by Katzin, Bauchman, and Binnan! in the Atlantic 
trade-wind area off the east coast of Antigua, British West Indies, 
showed that low-level wave ducts of a strength of 5 to 10 M units existed 
’ all the time when the measurements were made. This infers that the 
height and strength of the wave duct appear to depend on the wind speed, 
for which low winds cause low ducts of moderate strength while higher 
winds cause higher ducts of weaker strength. The measurements refer 
to microwaves of about 3- and 9-cm wavelength (10,000 and 3,333.3 
Mc/sec) between ship and shore stations. The ducts were as low as 
h = 20 and 60 ft over the ocean surface, providing a trade wind prevailed. 
The height of the duct as well as its strength changes with the wind speed. 
For wind speeds of 8 to 15 knots, a low and moderately strong duct is 
caused; while for speeds from 20 to 30 knots, a higher but weaker duct 
is caused, 7.e., a smaller M deficit duct. Passing squalls and rain showers 
do not decrease the received signal strength. The measurements also 
show that the rates of attenuation yield higher values on 3-cm waves 
than predicted by the duct theory and that there may be an optimum 
range of frequencies for the utilization of such low ducts. For 9-cm 
waves, there seems to be a decided decrease in the attenuation rate for 
distances beyond about 80 miles. On 3-cm waves, antenna locations 
at h = 6 to 15 ft give stronger reception effects and greater reception 
ranges; while on 9-cm waves, stronger fields exist at heights h up to 
at least 100 ft. 

With respect to propagation of waves in the lower troposphere, refer- 
ence is also made to a paper by J. B. Smyth and L. G. Trolese? of the 
U.S. Navy Electronics Laboratory at San Diego, Calif. It is shown 
that there is a possibility of wave propagation over longer ranges in the 


1 Loc. cit. 


> Proc. IRE, 35, 1198-1202, November, 1947. Prxeris, C. L., Perturbation 


Theory of Normal Modes for an Exponential M-curve in Nonstandard Propagation 
of Microwaves, Jour. Appl. Phys., 17, 678-684, August, 1946. 
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lower atmosphere and over distances many times the optical line of 
sight on the higher frequencies, while longer waves are diffracted around 
the earth’s surface and a small frequency range of intermediate frequencies 
may come down from the ionosphere. Typical index n of refraction 
curves are also given in this paper, with several useful references on the 
same subject matter. This paper is based on experimental work and 
refers particularly to an elevated refracting stratum, which is taken as a 
plane reflecting layer and agrees with the experimental frequency depend- 
ency. For layers greater than the critical height, height-gain calcula- 
tions in the optical region, together with reflection coefficients, yield the 
electromagnetic fields to be expected beyond the optical horizon. If we 
had a well-mixed troposphere, the refractive index n would decrease 
essentially linearly with increasing altitude h above ground level. For 
this reason, refraction may be substituted by diffraction of electromag- 
netic waves around a spherical earth of equivalent radius R, = 4R/3 
where R denotes the actual radius at the ground level. For the R. 
sphere, we deal with an equivalent homogeneous surrounding air of 
index n = B. Reflection from elevated layers of horizontally stratified 
atmosphere yields a field amplitude reflection coefficient 


_ sinh [r(a — 8)] 
P = sinh [x(a + 6)| 


for a = pB; cos 6; and B = pB; cos 63, where 4; is the angle at which 
the electromagnetic wave is incident upon the transition stratum and 
6; denotes the refracted angle into the stratum layer. The index of 
refraction variation through the transition region between two air 
masses, according to P. S. Epstein and C. Eckart,' is approximately 
given by [B,]? = 14(B3 + B?) + (Bi — B}) tanh (gu) where B; and 
B; are the values of the index of refraction in medium 1 and 3, respec- 
tively, and u = (2r/\)(z/p). The factor p determines the thickness 
of the transition region, and z is the altitude h. An index n of refraction 
variation occurs, for instance, through the interface between two different 
air masses, one mass, having considerable water-vapor content. 

179. Modified Electromagnetic Wave Paths for an Equivalent Flat 
Earth and for Oblique Coordinates. By subtracting the curvature 1/p 
of the ray from the curvature 1/R of the actual spherical earth, we have 
succeeded (in Figs. 276 and 277) in obtaining rectilinear propagation 
paths by the concept of an equivalent earth curvature 1/R., which is 
equal to the difference (1/R) — (1/p). There is no difficulty, however, 


1 Epstein, P. R., Reflection of Waves in an Inhomogeneous Absorbing Medium, 
Nail. Acad. Sci. 16, 627-637, October, 1930. Ecxarr, C., The Penetration of a 
Potential Barrier by Electrons, Phys. Rev., 35, 1303-1309, June, 1930. 
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in working directly with curved paths as in Fig. 277a and b, where we 
deal with the actual radius R of the earth. The reason for this is that 
the path difference between the indirect ray TGP and the direct ray TP 
can be found rapidly by means of a map measure. However, in some 
work, it may be of advantage to work with angular or oblique coordinates. 
The range d along the earth surface is then plotted as abscissa and the 


altitude along certain oblique coordinates. To do this, we have to - 
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curvature of actual path 7, 1, 2,3,4,P,5,6., path (helds only for dn/dh = constant). 


varies or dn/dh varies Singly modified path TP’ is obtained from 
1 1 1 
relation R. = Fat, ; 


Fie. 279. Modified path with oblique ordinates and changed Qd scale. 


modify the equivalent rectilinear ray diagrams of Fig. 277a’ and b’ to 
paths with respect to equivalent flat earth. The method used is shown 
in Fig. 279. It is seen that we may deal with two kinds of equivalent 
flat earth. For one kind (Fig. 279a), the actual spherical earth is basic; 
and for the other kind (Fig. 279d), a larger equivalent spherical earth is 
basic. The first kind (Fig. 279a) has the advantage that the construc- 
tion of the T, 1., 2., 3., 4, Pe, 5., 6. curved path holds even if the gradient 
dn/dh is not the same everywhere. The gradient may, therefore, vary. 
It applies then also when the absolute humidity gradient with respect to 
altitude is mostly responsible for the ray curvature. The construction 
of F2g. 279b holds only for actual circular paths T, 1, 2, 3, 4, P, 5, 6, we., 


for a constant gradient dn/dh. We have then always upward curvatures. - 


The constructions are as follows: 


For either kind, we draw a tangent (a tangent plane) at the foot point of the 


radiation center on respective spheres. These are the dash-dot-dash lines Od in — 


—— 
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Fig. 279a and 6. Since, in each case, the respective spherical earth is below this 
tangent plane, the corresponding modified rays T, le, 22, 3, 4e, Pe, 5e, 6. and 7, 1, 
24, 32, 42, Pé, 54, 6, must be above the actual path 7, 1, 2, 3, 4, P, 5, 6 and linear path 
TP’G’, respectively. We then find in Fig. 279a the point 6, of the modified path 
by producing the radius vector of point 6 of the actual path and adding length as. 
This brings point Go on the actual earth to the corresponding point on the equivalent 
earth. In the same way, all the other points 5., Pe, 4c, 3e, 2e, 1. are found in Fig. 
279a. We have, therefore, oblique ordinates. In Fig. 279b, we have always upward 
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Fie. 280. Ray triangle for actual spherical earth modified to flat earth, and for 
equivalent spherical earth modified to flat earth. Full-line curved path triangle TGR for 
actual spherical earth. T is radiation center; Re and R,.’ are reception centers. (a) Can 
be applied to cases for which dn/dh is variable or constant and when d(absolute humidity) / 
dh causes essentially the gradient. (b) Holds only for dn/dh = constant, 


curvature in the modified 7'P/, path, because the various distances bi, bs, b, bs, bs, bs, 
and b; change the equivalent spherical earth circle into the tangent line Od, and the 
straight line 7’, 1’, 2’, 3’, 4’, P’, 5’, 6’ changes consequently into the upward path 7, 
1/, 21, 31, 41, P2, 54, 64. In these modified path diagrams of Fig. 279, it should be 
realized that even though the distance d along the surface can be called an abscissa, 
it is only one height, namely, height h;, that is an orthodox ordinate. All other 
heights such as h’ for point P”, in Fig. 279b are always along the corresponding radius 
of the spherical earth. 

Figure 280 shows other ray diagrams for equivalent flat earth, using the construc- ~ 
tion procedure of Fig. 279. We note that for equivalent spherical earth (Fig. 2806), 
the triangle TG.R. modified to plane earth becomes a concave curved triangle TGR, 
while for Fig. 280a the rays are convex and form the triangle TG.R.. 
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180. Modified Wave Paths for Equivalent Flat Earth with Rectangu- 
lar Coordinates. We have now orthodox rectangular coordinates with 
the heights plotted perpendicular with respect to the horizontal range. 
The method is based on 


imo = ae determines equivalent earth radius R, 
a4 p Tig 

: i 8880 
: = . = : determines equivalent curvature . for equiv- ( ) 


alent flat earth J 


In Fig. 281, the construction of the equivalent ray curvature 1/p, is 
given. The actual as well as the equivalent spherical earth, respectively, 


Equivalent curved ray 
Tor Hat equivalent earth 
GE 
Equivalent ray eta rs 
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Wa DD varigble or 
; . tarrt 
ds is arc of R circle ee dn _ 
from Ofo $5 on 4 dh Ocul naa 2 
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Fic. 281. More convenient modifications by means of equivalent earth radius R, and 
equivalent ray curvature 1/pe, respectively. 


is bent over, as it were, into flat earth surface. This also requires that 
the actual curved ray in Fig. 281a and the equivalent straight ray in 
Fig. 281b be likewise correspondingly deformed into respective rays T, 
1., 22, 3, 4e, Pe, 5., 6. in Fig. 281a and T, 1), 2/, 31, 41, Pi, 54, 6) in Fig. 
281b. ‘The procedure consists in scaling off, for instance, along the dash- 


dot-dash tangential abscissa, for point P, the distance d along the actual _ 


spherical earth of radius & and choosing as the corresponding perpendicu- 
Jar ordinate a length h; + h, yielding point P, in Fig. 281a. We find 
in exactly the same way the point P/ in Fig. 281b, except that we have a 


larger equivalent spherical earth of radius R.. Inasmuch as Fig. 281b 


is a “double” modification, namely, from actual spherical earth to 
equivalent spherical earth and then from equivalent spherical earth into 


| 
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equivalent flat earth, nothing seems to be gained by going through two 
modifications, since the equivalent flat earth is most likely to be used. 
For this reason, Figs. 282 and 283 deal only with equivalent flat earth 
with respect to actual earth curvature. For both equivalent ray dia- 
grams, the distances d along the tangential plane direction are then 
actual distances along the actual spherical earth, corresponding to an 
earth radius of about 6,378 km. The corresponding ordinates are the 
actual heights above ground. It should be realized that this procedure 


Shaded curved triangle is the equivalert 
__ ray diagram tor directand indirect path 
g| % basedon the equivalent curvature Ye, 


R 9(is equivalent reception cerier) 
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- estoy 3 oo — ae 
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Actual 
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Fie. 282. Modification based on equivalent ray curvature 1/pe = (1/p) — (1/R) (seems 
preferred modification). Full-line curved triangle is actual ray traces. TGR is the actual 
eurved path diagram. /h scale is greatly exaggerated. Note: This construction does not 
assume that dn/dh = constant and holds for any direct path TR curvature change as well 
as for any indirect (TG + GR) curvature change. 


applies to any dn/dh variation, since it is based on the subtraction of 
the earth curvature 1/R from the actual ray curvature 1/p, in order to 
yield the equivalent ray curvature 1/p,.. The result is again a curved- 
ray triangle. The curvature is no hindrance, since, for the evaluation 
of the path difference between the indirect and direct rays, we use a map 
measure. ‘There is no difficulty in following a curved trace with a map 
measure. Figure 283 shows how the procedure can be applied for ray 
traces based on height-distance coordinates that are rectangular. We 
have in this figure, for the actual rays A, B, C and D above actual spher- 
ical earth, the corresponding equivalent rays A., B., C. and D, in the 
case of equivalent flat earth. The construction for the equivalent rays 
is indicated in this figure. The D ray is one for which the curvature 
changes, while rays A, B, and C have fixed curvature, 7.e., a fixed dn/dh 
condition. 
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181. Concluding Remarks on Ray Traces. The procedure just. 


described in connection with Figs. 28la, 282, and 283 seems to be about 
the most useful method of plotting rays, since it holds for any refractive 
gradient dn/dh irrespective of gradient changes. ‘The D path can then be 
translated into an equivalent D, path for equivalent flat earth and rec- 
tangular coordinates. In connection with such work, it must be realized, 
however, that the over-all shape of the ray depends on two parameters. 


spherical earth 


—-— Equivalent ray trace 
Le é ra Ay as As a Toe for equivalent 
hae | oa Pla” We oe (starts a ; flat earth 
le ! 1 ai | A, 
; Pies y a a ae 1 wee Actual ray trace for 
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(way out of proportion), sir7ce 
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Fig. 283. Construction of the equivalent ray traces for an equivalent flat earth (for a con- 
stant and a variable index of refraction gradient dn/dh). A, B, C, and D are actual rays, 
and A., B., C., and D, are equivalent rays. Actual rays A, B, and C have constant curva- 
ture 1/p, since dn/dh = constant. Actual ray D varies the 1/p value because dn/dh varies. 


One parameter is the gradient dn/dh, which may be referred to the radia- 
tion center location and the relative index of refraction of the atmosphere 
with respect to vacuum. Calling the relative index of refraction at the 
radiation center at h:, the ratio of the relative index n, at another alti- 
tude h to the value at altitude /;, or n,/n:, can only partially characterize 
the ray shape, since this ratio may and will normally be different along 
the direction of wave propagation for a large field coverage. In Figs. 250, 
251, and 252, we have shown space patterns. If the atmospheric refraction 
is ignored, the space patterns will look like the solid patterns in Fig. 284; 
while for atmospheric refraction, the patterns are as indicated roughly 
by the dash-dot-dash contours. If the concept of equivalent earth 
curvature 1/f, is taken into account, the ratio R./R of equivalent to 
actual earth radius changes with warm and moist atmosphere. Better 
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coverage (longer ranges) occur for larger R./R values. Warm winds 
seem to increase this ratio. Ratios from 1.2 to 2.0 and higher occur 
often, and ranges up to 100 miles against 20 miles (normal coverage) may 
occur. For altitudes larger than about 1 km, the ratio R./R falls off 
and, at 7.5 km altitude. falls to values of 1.05 and may even be less. 


Rectilinear wave propagation 


For electromagnetic retracwon 


AG in the lower atmosphere 
AUANNINAN 


Rechilinear wave propagation 


Wave propagation for 
‘refraction in the 


NNeart santa mney, /ower atmosphere 
SS SY 


Fia. 284. Polar field intensity pattern in planes normal to the tangential ground plane 
through the radiation center and its foot point. 


Even though atmospheric water vapor causes only small changes in the 
dielectric constant, we may have coverages due to such causes that are 
up to 10 fold and more. 

182. Effect of a Perfectly Conducting Plane Reflector on the Gain 
in a Preferred Direction of a Radiator That Is in Front of the Reflector. 
Numerical speculations in some of 
the previous sections show that a 
copper plate acts with practically 
100 per cent reflection to short 
waves. It is also a comparatively gpage 1 Bo eee Tes 


easy matter to employ such reflec- Ss L 
tors for short waves, since the dimen- ye ZZ 

sions of the reflector extensions are Coy hee? 

not prohibitive. For a copper sheet Fre, 285. Half-wave linear dipole in front 
as in Fig. 285, a distance d meters of quasi-perfect reflector. JI is in amp} 
from a distant field point P, we have ae id se Bs Tea oe 
for a half-wave dipole AB a dis- 

tance of x meters in front of the reflector, for the sheet extending 
_ strictly to infinity, an inverted image dipole A’B’ just as far behind the 
reflector. The electric field intensity at the distant field point is then 
due to the effects of the actual and the image dipoles, given by 


1004 SHORT-WAVE RADIATION PHENOMENA [Cuap. VII 


60L e001 
J 


my, —j6(d—2) —jB(d+-z) 
6 =] et €? ae e? 
due to AB Weta 
cw 5 OOF id (eite — giBe) = j aM ed sin (8x) volts/m (889) 


If we take J as the effective value in amperes for the dipole entrance cur- 
rent, then &, represents the effective electric field intensity at field point 
P in the presence of the reflector, since e~*¢ is the space phase factor. 
We have then 

_ 1207 


&, A 


sin (Bx) volts/m (889a) 


The actual antenna requires an input voltage 
B= 124, — Timsgelm = 1(Z2 — Zn) volts 


for the self-impedance Z, = Rk, + 7X. of the actual half-wave dipole, 
in absence of the metal sheet, and the mutual impedance Z,, = Rn + jXm 
due to the image antenna caused by the presence of the reflecting sheet. 
The power delivered to the actual radiator then becomes 


62d?(R, — Rm) 
120? sin? (6x) 


P = (BR, — Rn)I? = watts 

When the reflector is removed, we have Ls S 73.4 + 742.9 ohms, accord- 
ing to pages 650, 651, 654-655, 661, 667, 670, 697, 716, if the current 
filament theory with a sinusoidal current distribution is employed. We 
have then & = 60/,/d volts per meter at the field point P, and 


&0R 
= 2 _ = o 2 
P = [?R, 602 watts 
yielding the comparisons 
P é ; 
reba == S R. for 4 radiator without reflector 
AR oo 
Erol a nel = (65) “i R 4 R for : radiator with re- (8890) 
flector 
R, = 73.4 ohms 


This yields a field gain G at point P of 


S. 2 sin (62) 
G = 20 logio (=) = 20 logic Ga a db (889¢) 


» 
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An application of this outcome is then as follows: 


Suppose a half-wave radiator is a distance x = /4 in front of a conducting plane. 
The image antenna, which is in antiphase excitation, is a distance 2x 
from the actual antenna. Table 30 shows that for such a distance, we have a mutual 
radiation resistance Rm = —12.48 ohms owing to the image effect. Therefore, 
Rm/Rs = —12.48/73.4 = —0.17;~/1 — (Rn/R.) = V1.17 = 1.08; Bx = 27/40 = 
24 
22 is é- (field ratio at_. 

; és point P) 
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Fic. 286. Ratio of the electric field & with a quasi-perfect reflector to electric field &- with- 
out a perfect reflector. 


1/2, or 90 electrical degrees; 2 sin (Bx) = 2; and G = 20 logio (2/1.08) = 5.36 db 
gain, for field points P straight ahead along the +X axis of Fig. 285. Formula (889c) 
shows that for a distance x = 14), 1), 1.5A, 2A, 2.5), . 


. . , the ratio &/& vanishes, 
since sin (6x) = 0. 


It is the field intensity &, in presence of a perfect reflector that 
becomes zero for such integer half-wavelength spacings, according to (889a). Table 
62 gives the application for several spacings, and the curves of Fig. 286 give the ratio 
for &-/& as well as the field gain in the presence of a perfect reflector. 


It is seen that for a plane reflector, unlike a tuned radiator, a quarter 
wavelength behind the actual radiator, we have only a field ratio 1.85, 
corresponding to 5.36 db gain, instead of a ratio 2, yielding a 6.02-db 
gain. But for other spacings there are maxima that exceed the latter 
gain. An optimum maximum, corresponding to the ratio &,/&; = 2.24, 


= 0.5\ meters 
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TasiE 62. Hatr-wavE RADIATOR IN Front or A Merau SHEET 
Distance z & Figldigam nea 
es eA B logio (q) ve By: a pee ee 2, logio (q)| Gain G, db 
B10 \d), flector 
Almost Or | 2.2 0.3424; 6.848 0.5 |0.00 
0.05 | 2.23 0.3483] 6.966 0.52 |0.28)—0.5528} —11.05 loss 
0.06 | 2.24 0.3502! 7.004 0.58 |0.4 |—0.3979| —7.958 loss 
0.1d 4 Ge 0.3424) 6.848 0.56 {1.0 0.0000 0 gain 
0.2r 2.0 0.301 6.02 0.58 |1.2 0.0792 1.584 gain 
0.25 | 1.85 0.2672} 5.344 0.62d |1.6 0.2041 4.082 gain 
0.3d 1.64 0.2148) 4.296 0.7 |2.0 0.301 6.02 gain 
0.4r 1.0 0.0000} 0.000 0.73d |2.04| 0.3096 6.192 gain 
0.45 | 0.6 |—0.2218) —4.456 (loss)} 1d 0.00 


Remarks: Negative gain values are field loss on the free-space field without a reflector and the same 


power input. 
— 0.2218. 


Negative decibel example: g = 0.6 = 8{9, log qg = log 6 — log 10 = 0.7781 —1 = 


occurs for a spacing « = 0.06\, giving a field gain of about 7 db. By 
the spacing « +0 is meant that the radiator just does not touch the 


42 

Image Image | Actual 

Saber recelvirn 

dipole pee 

&! a # 

8 Diy WF 
AA rx ity 

/k—_r. ips 

yy 
reflector 

Fie. 287. Distant transmitter dipole and 


close receiving dipole in front of a perfect 
reflector. 8 = 27/d; I and I1 represent 
effective antinode currents in amp; z, 7, \ 
are in meters. J# is impressed and / in- 
duced effective voltage in volts. Actual 
transmitting dipole. 1/(r —2z) =1/r= 
1/(r + a), since r is relatively large. 


reflector. 

183. Effect of a Perfectly Con- 
ducting Plane Reflector on a Par- 
allel Receiving Half-wave Dipole. 
We have for such ‘a condition a 
mutual dipole alignment as in Fig. 
287. The actual receiving dipole 
ab has an inverted image a’b’, and 
the transmitting dipole AB has an 
inverted image A’B’. The ZY 
plane is then in the distant radia- 
tion region with respect to the radia- 
tion center of the actual radiator 
AB. The total field intensity at 


the location of the actual receiving half-wave dipole, in the presence of a 


perfect reflector, is then 


Ga j 601 eB r—2) 60L eB (r+a) 
Le gee Tr x 
due to AB = due to A’B’ 
BLE wa . 1207 er, 
~j ee (ex = €— 82) = 4} “ute sin (Bx) : 


= 2 sin (82) 
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causing an induced voltage 


1201640, 

Rm Re = a sin (82) volts (889d) 
On account of the image receiver antenna a’b’, we also have a mutual 
impedance Zm = Zor = Roz + JX, mM addition to the self-impedance 
J, = R, + jX. = 73.4 + 342.9 ohms. In these relations, the subscript 
2r refers to the distance between the image-receiving dipole a’b’ and the 
actual receiving half-wave dipole ab. Since the actual received current 
I; effective amperes at the dipole gap and the equal image current are 
in antiphase, we have 
13h haa = I\(Z Te i) a I,[R. a Roz + ese a Xo5)| 


———— 


can be canceled by 
tuning or matching 
stub 


. 1207-8" 
= I(Re — Roz) = J 7 ial 
Therefore, the received effective gap current in dipole ab, in the presence 
of the metal reflector, becomes 
. 1207" sin Bx 
(Mee 
1 I Br(R, — Raz) 


sin (62) for canceled reactance 


amp (889e) 


where «i accounts for the phase lag of 11 with respect to the antinode 
current I of the half-wave radiator. If we have no reflecting metal 
sheet, there can be no images; and at the ab location, we have an effective 
electric field 

601 eB (r—2) & a 601 e718 (r—2) 


& (volts/m) ele 
. Jp —a r 


This causes in ab an induced effective voltage 


Ey = Be iS c=) volts (889f) 


which has now only to overcome the self-impedance Z, = R. + jX, ohms, 
because we have no image dipole and no mutual impedance effect. 
The received effective gap current J, then becomes 
— E, 
Re ames 
jX, balanced out by matching stub yields 
BE, Wy 60le 8a 


Ls me ark ame, 


I 
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TasLE 63. Haur-wave Recervine Dirote in Front or a Meran SHEET 


z,m q = ; G = ee (Y), in q G, ‘a 
0.05r 8.1 18.2 0.4r 0.85 —1.4) 
0.1 4b 3} WPL 0.45) 0.52 —5.68 
0.15d 2.7 8.63 0.5r 0.00 — © 

0.2r 2.05 6.24 0.56\ 1.00 0.00 
0.25r 1 il 4.66 0.6d 1.51 3.58 
0.3r 4 2.92 0.65r 1.9 5.58 
0.35r 1.2 1.58 0.7 2.05 6.24 
0.38r 1.0 0.00 1.0 0.00 + © 


Remarks: Rs = 73.4 ohms and Roz = Rm ohms computed as is shown in Sec. 135. 
The current advantage /,/I,, due to the presence of the reflector, then is 
Teer, sin (Bz) = 2sin (6x) _. 
= € = 


a RNS 78x ) 
LL a 1 = (R:,/R,) (889g) 
ei — cos (6x) — j sin (Bz) 


I 


In the presence of the reflector, we find, for the J,/I, advantage, a gain 


G@ = 20 logis ee db (889h) 


When, therefore, the receiving half-wave dipole ab is a distance x = Yn 
in front of a perfectly conducting 


fo] 


20 


t Receiving | wep Pe anitter plate, we find Bx = 7/2 or 90 elec- 
> Neate Lx FD | trical degrees, Ro, = —12.48 ohms, 
= i £ | [" [Peceiver oe eo? since the image dipole a’b’ is a dis- 
3 Gain anes l | tance 2x = 14d from the actual 
Bey = jee | _i9 anit 
5 ‘\ half-wave receiving antenna ab. 
3 f vo | + | Table 30 gives the mutual resistance 
2 : SNA: v\-/°5 value of —12.48 ohms for such a 
& 4 w\//; ry ae separation. Since Rk, = 73.4 ohms, 
rie ees. we find 1 — (R2:/R.) = 1 + 12.48/ 
Beeai vd 73.4 = 1.17 and G = 20 logy (2/ 
| By VET] |? 1.17) = 20 logis (1.71) = 4.66-db 
ie He yey ) receiver gain. For different spac- 
QIN 03X05 O17 ink 13a = ings a between the metal reflector 


a 0.9% 
0.2 044 O60 08% LOA 12r oD . 
Fig. 288. Current advantage in a receiver and the half-wave cee Vth dipole, 


half-wave antenna along its equatorial X we find the computations of Table 
direction due to a perfect reflector. Dis- 63 and the results of Fig. 288. The 
tance z is expressed in wavelengths. : : 

received current in the presence of 
a metal reflector must vanish for distances x, which render the function 
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sin (Gz) = 0. This means that for distances x = 0.5A, A, 1.5, 2A, . . . . 
From the gain curve as well as the J,/I, curve of Fig. 288, it is noted that 
the antenna pickup increases rapidly as the receiving half-wave dipole 
approaches the perfect reflector. In actual practice, this is not the case, 
since very close to the reflector where this happens we have to deal also 
with the proximity effect and, besides, we have no perfect reflectors with 
infinite conductivity. The decibel as well as the current advantage 
curves, therefore, cannot have asymptotic approaches but will, in reality, 


Ri = R3 = 73.4 + Rz + R:z +R, 

+ Rue ot Roz,z 
R. = 73.4 + 2Rz + Rz + 2Raye 
R, = 2R: + R2 ohms 


Image effect for 
vertical 4 radiators 2= 2h 


3) p, a » Inphase 


if 4 4) 
wv Wy oy images 
x 
t 
(b) | Ry Re R3=Ry 
ZI ~ - = 
pe aye Ri = R3 = 73.4 + Rz+ Rez — Rz 
ys pee 4 A | — Raz — Rz2z 


22— ey. R: = 73.4 + 2R, — Re — 2Ravz 

- ; R, = 2Ri + Re 
Use the table of Fig. 149 for the mutual 
values Rz, Roz, Rz, Roz, Rz,z, Rozz, Rz,2z 


vz 
Image effects for 
horizontal radiators 


wap? “apse sage? 
Antiphase images 
Fic. 289. Radiation resistance of half-wave radiators in front of a reflector (metal sheet) 
for horizontal and vertical polarizations. 


bend around, causing again a decreasing characteristic as x approaches 
a zero value. Also here it seems that the quarter-wave distance does 
not yield an optimum value, since there are other x values for which a 
better pickup is possible. In regions in the neighborhood of « = 0.5A, 
ReeLON 2A, eG .., we have minimum effects. The experiment alone 
can show what the reflector effect actually is and where the optimum 
pickup occurs. It is in the range of x = 0.1) to 0.22). 

184. Radiation Resistance of Antenna Arrays over a Perfect Reflec- 
tor. As mentioned on several occasions, a thin metal sheet of copper 
will approximately serve as such a reflector. We must then take the 
image effects into account, since they interfere with the radiation pattern 
of the actual radiators. Figure 289 shows the conditions for three half- 
wave radiators that are either normal to a metal plane or parallel with 
it. In Fig. 289a, we then have equal inphase image currents and, in 
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Fig. 2896, equal opposing currents in the image antennas. The proce- 
dure on pages 667-675 then applies, and the radiation resistance of actual 
radiator 1 in Fig. 289a becomes 


Ry = R, atts + Mos Sable SIs + Fiane = Rs 


=A =B 


ohms (due to symmetry = Rj) 


where £, is the self-radiation resistance 73.4 ohms; A is the mutual effect 
of radiators 2 and 3 on 1; B is the mutual effect of image radiators 1’, 
2’, and 3’ on actual radiator 1; Rp = R, + 2R, +R, + 2R,,, ohms; 2R, 
is due to adjacent radiators 1 and 3; R, is due to image radiator 2’; and 
2R;,2 is due to image radiators 1’ and 3’. The total radiation resistance 
R, of the array can come only from the actual radiator 1, 2, and 3, and 
we have 


R, = Ri + Ro + Rz = 2hi + Re = 3h, + 4R, + 2Ro, 
+ 3h, + 4R,, + 2Ro,, ohms 


For n radiators arranged as in Fig. 289a, we have the general formula for 
the total radiation resistance FR, of the array 


+ 2(n —4)Ra +--+ - +23RRG ohms | (890) 
Ri = Rizo + Pepa for k => 0, if 2, 3, 4, Qe he 


Applying this expression to the array of Fig. 289a, we have n = 3. and 


Ro = Roo + Ro. = RR, + R, ohms, since k = 0 
fii =‘fizo + Re, = R. + Raz ohms, since k = 1 i (890a) 
Re = Roz + Rozz ohms, since k = 2 


The term Ro,o means, that we deal only with one radiator, because the 
orientation 0,0 makes the particular two radiators slip into each other, 
and Roo must be the self-radiation resistance of 73.4 ohms. Inserting 
the values of (890a) into general formula (890) for n = 3, we find 


R, = 3(Rs a R.) = 2(3 ai 1)(R, mie lige) ae 2(3 a 2) (Rez = tsa) ohms 


=4 =o é 


This checks the result found before. The application is then not diffi- 
cult. Suppose we have in Fig. 289a the actual vertical half-wave radi- 
ators a distance h = 0.5\ above the metal plane and z=. Fora 
spacing x = 0.5) between the radiators, we find from the table on page 
672, for the mutual resistances, R, = —12.48 Q, Ro = 4.19, R, = 
— 4.0640, Fz. = —0.780, Ro. = 3.560, and Ry = R, + R, + Roe + 
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R, + Rez + Roe: = 73.4 — 12.48 + 4.1 — 4.064 — 0.78 + 3.56 = 63.742 
R; = Ri = 63.7429 
Re as 8h +t Rk, + OR... = 73.4.4. 248) 

+ (—4.064) + 2(—0.78) = 42.820 


We have, therefore, a total radiation resistance of 170.296 ohms in com- 
parison with 3 X 73.4 = 220.2 ohms if no mutual effects are present 
and as against 178.48 ohms if no reflectors are present. 

For the half-wave radiator array of Fig. 289b, the mutual effects 
due to antiphase image antennas 1’, 2’, and 3’ are negative, and 


R,=R,+R.4+ Re — Rz — Roz — Rox = Rs ohms } 
R, = R, + 2R., — Re — 2Rz2 ohms 
Total array radiation resistance R, = 2R; + Re 
= 3R, + 4R, + 2Ro, — 3R, — 4Rz2 — 2Rz,22 ohms 
For n radiators R, = nRy + 2(n — 1)Ri + 2(n — 2)Re 
+ 2(n — 3)R3 + 2(n —4)Rat+ ++ ++ 2Rha-1 ohms 


(8906) 


where R, is the self-effect of 1, R, is due to 2, Re, is due to 3, —R, is due 
to image 1’, —R,,, is due to 2’, —Rz,2 is due to 3’, and for k = 0, 1, 2, 
8,4, --°, Re = Rizo — Rize Forn = 3, as in Fig. 2890, 


Ro = Roo + Roc = he — He ohms, since k = 0 
Ri = Bo — Rez = Re Shee ohms, since k = 1 
Re = Roz — Roza ohms, since k = 2 


The quantity Ro, represents a single radiator effect, z.e., R, = 73.4 ohms; 
and for n = 3 we have 


toe = 3(R; —% Tes) + A(R, a? Rag) = 2(Roz 7 Rez,2) ohms 


Also if x and z are integer multiples of 144, we can use here the values 
of the table on page 672 for the mutual resistances. For all other cases, 
we have to employ the method described in Sec. 135. The single half- 
wave radiator case over perfect ground is then found for n = 1, since 
we have then, in Fig. 289, only one actual radiator, namely, 1, and its 
image 1’. Therefore, Rk, = R, + R. ohms for Fig. 289a, and R, = 
R, — R, ohms for Fig. 289b, where R, = 73.4 ohms in either case. For 
’ different elevations h, we have then the values of Table 64. The radia- 
tion resistance oscillates about the free-space value of 73.4 ohms for 
different values of h. However, for a few wavelengths above the metal 
reflector, we have R, 273.4 ohms. This is also brought out in Fig. 
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290. If we have seven half-wave radiators lined up as in Fig. 291, we 
find, owing to the image effect of a perfect reflector, the respective input 
resistances R; = R7, Re = Re, Rs = Rs, and Rx, as given in this figure 
for different elevations h above the reflector. This would be the value 
of the characteristic impedance of the respective dipole feeders if the 
reactance of each actual radiator is stubbed out (neutralized). The 
case of h = 14) means that the lower ends of respective dipoles just do 


TasLe 64. Hatr-wavE RapIAToR IN THE NEIGHBORHOOD or A Mprau REFLECTOR 
AND RADIATION RESISTANCE IN TERMS OF THE SPACING FROM THE REFLECTOR 


Vertical radiator (Fig. 289a, n = 1) papzental peat ae So 
Se? R, = 73.4 4eR Duet) 2 = 73a 
h, m z,™m image Bane vm) image olen 
R,ohms R, ohms 
0.00 ondition impossible 0.0A* 73.4 0.00 
0.25AT 0.5 26.4 99.8 0.5 —12.48 85.88 
0.5 1d —4.06 69.34 A ees 1 69.3 
0.75 1.5d 1.78 75.18 1.5d —1.77 15 17. 
1d 2X —0.96 72:.44 2d 1.18 7222 
1.25r 2.52 0.58 73.98 2.5Xr —0.75 74.15 
1.5 3r —0.43 72.97 » 3X 0.42 72.98 
CoN coh 0.00 73.4 ooh 0.00 13.4 


ee SSSFSFSFSSMSSMMSSSSsmmmmmmsmsmemefefseF 


* Horizontal \/2 dipole just not touching reflector. 
+ Lower end of vertical radiator just not touching reflector. 
Remarks: R, is the value for which the feeder has to be designed, if the reactance X; is stubbed out. 


not touch the reflector. For all other consecutive heights, the eleva- 
tion h is successively increased by \/8. The case h = © means that the 
reflector does not exist in effect. It is seen from the table in this figure 
that for an elevation h = 3)/4, the effect of the metal reflector is very 
small, because nearly the same radiation resistance values are obtained 
as forh = ©. The total radiation resistance R, of the alignment oscil- 
lates about the unobstructed space radiation resistance of 395.6 ohms. 

185. Notes on the Form Factor of Linear Radiators over a Perfect 
Reflector. This has reference to the arrangements of Fig. 292a for any 
fractional wavelength distribution, the quarter-wavelength distribution 
along the actual radiator of Fig. 292b as well as the half-wave distribution 
of Fig. 292c. The indicated current distribution is drawn with respect 
to the effective current value of J, amperes. For the general case of 
Fig. 292a, the current J; represents the effective input current, and J 
denotes the current value at the current antinode. The values ry; and 


> 
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ro, for a distant field point P, can be put equal to r as far as the inverse 
distance effect is concerned. But we have to retain the values r; and 


h is expressed in wavelengths. 


OS Ob c.0l 2.5, 
O25 OS bes AIS ~ 2.25 


lL 


ZI 
L ee Se 


0 |_| 
0 0.25 050 0.75 100 125 150 175 200A 


@ 


h is expressed in wavelengths. 


20 
OMO 408) 1:2 11.6) 12.0 
02 06 10 14 18 


Radiation resistance R, ohms of two 

inphase \/2 radiators (parallel) spaced 

a distance d for unobstructed radia- 

tion space. 

Fig. 290. Radiation resistance of half-wave radiators without a reflector and in the pres- 
ence of a perfect reflector. 


r. in the phase factors «8 and e~*" and find the symmetrical field 
contributions 


d&, = j308 = e761 dz sin 0 volts/m 
d&, = j308 “ e—76r: dz sin 6 volts/m 
since z cos @ in 7; = r — 2 cos 6 and re = 7 +z cos 6 accounts for the 


phase advance and phase delay of the self- and mutual field contributions 
at P, due to the dz element, with respect to the field coming from the 
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| 

i NIN 

1 Nos 

' Nts 

| 

| | 
hee : ae 


eS 
we 
yy NN B, 2=2h 4 Ps in > », Lnphase 
y lye 1124 igh Wf) 154 116% 74 ITIAGE | 
i Wy - Wj 1 Vr Ivy A/2 radiators 


A/a half-wave 
7 Keren eee Aipole 


4 ph Wigrnment 


en, 6 ee By. 


Resistance in ohms 
Remarks (assumes thin linear 
A radiators) 
Nie hi = R;| Re =Re| Rs = Rs| Re R, 
nN Total radiation resjstance of above 
4 84.7 58.2 74.7 62 497.3 alignment is R, = Ri + Re + Rs + 
3 Ra +R + Re + Rr = 
3 IN 65 41.8 59.8 43.7 | 376.8 2(Ri + Re + R3) + Raohms. The 
r | table shows how, with increasing ele- 
= 62.8 44.7 58.8 AQ D eS tomes vation above the metal reflector, the 
2 radiation resistance of unobstructed 
a 65.8 | 50.5 | 59 51.2 | 401.8 | Space is approached 
8 | 
=) 66.4 | 51.2 | 55.5 | 54.4 | 400.6 
[aS 6) 66 fay 53 56.1 53.2 | 395.6 


Fie. 291. Individual and total radiation resistance of half-wave radiators in the neighbor- 
hood of a metal reflector. 


origin (in the case of a perfect reflection at the equatorial XY plane). 
Since «"* = cosa —j sina and ¢* = cosa + sin a correspond to a 
phase lag or a phase lead of 2rr/\ degrees, for a = r, we find for 

ert = 1B (r—2z cos 9) — €— 781 iBz cos 0 

€— Br. = ¢—iB(r+20c0s 8) — ¢—iBr—g—iBz cos 8 
78h 4 e-iBr2 = ¢—iBr(giBz 0088 4 ¢—ife cos 0) = A 
A = eIcos (6z cos @) + 7 sin (Gz cos 8) + cos (62 cos 6) — j sin (Bz cos 8)] | 


= 2c" cos (Bz cos 8) 
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AZ 
' dz(actual 
Bo / current element) 
i dE, =dEg,tdEo, d&9, is mutual effect of image element 


dz on d&o, (self-effect) of actual ele- 
ment dz, 


rd 
p i Seed ea _ Ii sin (61 — Bz) 
uj y | é ol od | bg ae I, =I sin (61 — Bz) = ieee Calc (Bi) 


since Ji = J sin £l. 


ie 
a 3 
all 
Haz image current element 
ca 
‘U 
(a) 
A 
et 


1") “Metallic 
ye ve NU reflector 


image 1 
Image TT 
(b) oN Ce 
\ ll 
NU 
Wee osin (BL — 82) pl =7 
= I cos (62) I, =I sm (61 — Bz) 
T Image antenna effect in phase with 
Bl = 2 actual antenna effect. 


Fic. 292. Linear radiators projecting through a metal reflector. In distant radiation 
region 6: & @ = 62 and 1/r1 = 1/r = 1/rz; 71, r2, 73, dz, \ are in meters; J, is in amp, and 
d&g in volts/m. XY plane is reflector B = 27/); electrical length fl. 


For the field contribution of the actual antenna element dz in presence 
of a metal reflector a distance z below it, at a distant field point P, we 
have 


eer as z=l 
d&_ = j pene (| I, cos (6z cos 6) dz volts/m 


z=0 


The solution of this integral is given on page 531. The total field &» due 
to the entire actual radiator length / above the reflecting XY plane is then 


1016 SHORT-WAVE RADIATION PHENOMENA [Cuar. VIL 
= J et De (891) 
where Dg is the unobstructed directivity of the linear radiator, in any 


meridian plane of the radiator with the length / as the polar axis, and 
F represents the form factor. We have then 


z=l 
F = B sin 6 / = cos (82 cos 6) dz” (891a) 
z=0 1 
B sin 6 [on (I./I1) cos (82 cos 6) dz 
De ae (891b) 


where J; is the effective current value in the XY plane (where the linear 


Radiation resistance with respect to loop cur- 
rent I 
R, = 30{ — 4 cos (2a)[0.5772 + loge (4a) — Ci (4a)] 
+ [1 + cos (2a)][0.5772 + loge (2a) — Ci (2a)] 
reflector + sin (2a)[(4 Si (4a) — Si (2a)]} ohms 
2a 
(ey) i Bl = ae 
rx With respect to input current J: we must divide R, 
by sin? a 


Matching 
stubs 


Fig. 293. Radiation resistance R, of a thin linear radiator of length 1 with a metal reflector. 


radiator emerges through a small hole in the copper plane, forming the 
XY plane). A useful system is shown in Fig. 293. In the reflector 
plane, we have 0 = 90 deg, and 


z=l z=l_: 
“u L, if sin (81 — Bz) 
Tee jon” ~ }o. e' 
since in Fig. 292a, we have J, = [J; sin (61 — 6z)]/sin (61). As for the 
radiation resistance, we have to refer the form factor F to a particular 
current value along the linear radiator. The feeder current J;, at the 
input end, is a logical reference value, and we have for this effective value 


a» 
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le —1c08 (61) 
es sin (61) ’ 


yielding Ds = Dy. = 1, which directivity would be expected in the XY 
plane. With respect to the effective current J at the current antinode 
of Fig. 292a, we have 

Feurrent antinee = 1 — cos (61) (891d) 


_ cos (61 cos @) — cos (61) 


He sin 6[1 — cos (@1l)] 


(891c) 


For a half-wave linear radiator, we have | = 14) and F = 1 — cost 
= 1 — cos 180° = 1 — (—1) = 2. If we have n_ equal-phased half- 
wave distributions along the radiator length J, the form factor becomes 
F =2n. The above derivations assume that the phase velocity along 
the linear radiator is c = 3 X 108 m/sec. Experience shows this is not 
exactly true. If c’ denotes the actual phase velocity in meters per second. 
relation (891d) changes to 


d 2rl/r 
ont antinode — < [1 COS (61)]; Bl im - (891e) 


CHAPTER VIII 
ELECTROMAGNETIC DIFFRACTION 


Although it is often thought that short electromagnetic waves travel 


according to geometric optics (nothing below the line of sight) but some- — 


what below this line if atmospheric refraction exists, experiments show 
that waves may reach much farther into the geometric shadow region 
than refraction can account for. Wave reflections do not occur only at 
one point but, according to Huygens’ wavelet principle, from the entire 
surface of the earth that is electromagnetically illuminated. Wavelets 
reradiate then in all directions from the multitude of elementary radia- 
tion centers of the earth surface, receiving incident electromagnetic wave 
energy. We also find that waves bend slightly around edges of a wave 
obstacle. We have the same case as in monochromatic light passing 
through a slit, which will cause a bright band somewhat wider than the 
slit. This band will be followed up at the edges by a few narrower 
bands, which are alternately blind zones (dark for monochromatic light) 
and zones of strong intensities. For wave reflections from smooth earth 
surface in a particular direction, only a small elliptical reflection area is 
essentially operative (with the reflection point somewhere near the sym- 
metry point of this area). The operative reflection area has then a 
definite relation to the first Fresnel zone, well known in optics. In the 
electromagnetic case, however, we must satisfy the boundary conditions 
with respect to the electric as well as with respect to the magnetic field 
associations. The boundary is then the surface of a particular wave 
obstacle that receives primary electromagnetic waves. Generally, it 
may be said that for multifrequency waves we can separate such waves 
into spectral components either by diffraction or by refraction, respec- 
tively, since diffraction as well as refraction depends on the operating wave- 
length. The longer the wavelength, the more pronounced are the 
diffraction effects, but the longer the wavelength, the less significant are 
the refraction effects. 

186. Basic Concepts of Diffraction. Diffraction is a phenomenon 
accompanying all forms of wave motion, its effect being more marked 
as the wavelength relative to the obstacle dimensions increases. Diffrac- 
tion effects differ from refraction effects inasmuch as ray bending due to 


refraction may occur in unobstructed space. But we deal with variations __ 
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from a straight-line course when partially cut off by an obstacle, such as 
when an electromagnetic wave passes near edges of an opening (wedge- 
shaped mountains) or a hole that may cause wave interference. Wave 
propagation behind the horizon (in the geometric shadow region of the 
earth) may be partially due to diffraction. 

In the case of optics, it is known from experiments, as well as con- 
firmed by theory, that a screen with a narrow aperture (slit) will pass, 
for instance, monochromatic light to another screen behind the first one 
in such a way that instead of a sharp image of the opening, either a 
blurred wider image or several bright and dark images of the slit appear. 
Similar patterns are observed when two or more narrow apertures are 
used with a common light source. However, this is not true for different 
light sources acting simultaneously. The reason for this is that such 
effects can be explained by Huygens’ wavelet concept, modified by 
Fresnel by means of interference between component waves. According 
to Fresnel, we deal with a pure wave phenomenon, which is surely the case 
in electromagnetic waves. 


For light, we have a dual theory, 7.e., not a pure wave phenomenon. Photoelectric 
effects are explained by means of properties of corpuscles, for which each train of 
waves is taken as a distinct entity known as a quantum of an energy W, which is 
related to its frequency f by the relation W = hf, where h is Planck’s constant. The 
momentum of the quantum is then hf divided by the velocity of light. Maxwell’s 
equations can be made to account for the correct average result if we deal with many 
quanta taken collectively. With such a concept in mind, it can be understood why 
we do not obtain, in the case of light waves, the interference diffraction patterns with 
two or more light sources. For several sources, we have a multitude of separate wave 
trains, or quanta. A condition of this kind may be assumed to be equivalent to 
sudden phase ‘‘jumps,”’ which in the case of two or more light sources do not coincide 
and change the phase in the same fashion. Real wave addition and wave subtraction 
then will not occur as in the case of a single light source. As far as radio waves are 
concerned, we have no limitation as to the number of radiating sources. 


187. Huygens’ Principle, Fresnel Wave Interference, and Imaginary 
Radiation Surfaces. According to Christian Huygens, the wave front 
of a wave consists of many point sources (Fig. 294), each one sending out 
its own wave or wavelet. If this is assumed, any such source emits a 
spherical electromagnetic wave toward unobstructed space. The wave 
front of an electromagnetic wave can then be taken as a mosaic of point 
‘source radiators. This is the reason why, in this text, we read at times 
of ‘“‘wave-front radiators.” 

It seems worth while to review the fundamentals of the diffraction 
theory in order to learn to what extent it can be applied to electromagnetic 
waves. We must satisfy the boundary conditions if a wave meets another 

‘medium, such as at the surface of obstacles. We also have two functions, 
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namely, that of the electric field & and that of the magnetic field H, and 


not a single wave function. 


Wavelet fronts 


Pp 


Primary (actual) 
source’ 


Fie. 294. Primary wave expansion and Huygens wavelets. 
nificance only when dealing with wave obstructions, 


| ovele Wave trough 


Owing to the boundary conditions, the wave 


7he tangent curve along. 
the wavelet fronts conrirms 
the primary wave front 


These wavelets 
come trom Sg 


Wavecrest 


Primary 
wave front 


The wavelet concept is of sig- 
A wave front is a surface of equal phase. 


front passing through an opening of an obstacle must become per- 
turbed because of what happens at the boundary. This means that at 


(radiation +Wave crest 
7 center 


ae Wave rrough * 


\ 
\. 


AN Plane of 
y reception 
Z3 Z 
(wave-crest 
point) 
Fic. 295. How a primary wave front ABC 


originating from the primary source 7 
(transmitter) acts as a multitude of 
secondary wavelet centers such as A, B, and 
C (Huygens transmitting centers). T' is 
primary radiation center; points A, B, and 
C are secondary radiation centers (Huygens 
wavelet sources in the primary wave front). 


circles as the troughs, we may consider the full-line outer circle as a wave 


the inner surface of an opaque 
screen! with an aperture, we gener- 
ally have wave reflections as well as 
absorptions unless special provi- 
sions aremet. For the sake of pre- 
senting well-known fundamentals, 
we deal, to begin with, with a single 
wave function w and assume that 
w = 0 at the inner surface of the 
screen and the normal derivative 
dw/dn = 0, so that for the surface 
of an aperture, the wave condition 
is identical with the incident unper- 
turbed wave. Doing this in Fig. 
295, with T as the radiation center 
of primary source of spherical waves 
about this center and the full-line 
circles as wave crests and the dash 


1 For diffraction of slots, rectangular and circular apertures, it is understood that 
the obstructing screen on the rear which faces the primary radiation absorbs incident 
primary radiation, and forward energy passes only through the aperture. 


> 
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front containing Huygens wavelet sources such as A, B, C. These second- 
ary radiation centers are all on a surface of equal phase. Each one of these 
wavelet centers starts out spherical waves about A, B, and C, so that 
wave energy also reaches to portions like point P of the geometrical 
shadow region. Space point P is then a reception center of three arriving 
wave trains. The paths of rays AP, BP, and CP are r, r+ BB’, and 
r+ CC’ if arc AB'C’ is a circle with radius r about P as the center. In 
Fig. 295, the length r is chosen such that it is exactly 4 wavelengths 
long (=4\). This means that the wavelet originating at the Huygens 
center A must cause a wave crest at 


reception point P. Expressing the PR aks 2 28 stor —ir 
x volts/m = = 7 
path differences BB’ and CC’ by d ¥ Pet part: 
; 5 oc =3 X 108 m/sec; ro is 
and d’, the corresponding phase de- Byitase  disienotis Panton, 
lays are 6 = 6d and 6 = @d’ forB = r2, 73, T4, 75, 76; Si, S2, Ss, Sa, 


Ss, Ss are secondary radiation 
S; centers in the wave front 
of the aperture. 


2nr/d. If 6 were exactly equal to a 
half wavelength, the crest of train AP 
would meet a trough of the BP wave 
train at P., For the distance r con- 
taining many wavelengths, instead 
of only 4, we have the inverse dis- 
tance effect 1/r=1/(r-+d). There- 
fore, at reception center P, the arriv- Fie. 296. Parabolic reflector causes Huy- 
ing A wavelet effect will cancel the S| ealees ised a Pa oy 
arriving B wavelet effect. The field 

AP can then be due only to the C wavelet, which for a wave function w 
yields, for the initial value W of w, 


i 


(primary Spee 
° radiation P. 
center) $4. —'4 Te (receprion 
center) 


% 


3b 


wise 7 cilet—B (r+d)] 


Generally, such ideal conditions do not occur, and the three wavelets 
arriving at P with their effects also cause wave interference all along the 
imaginary plane of reception. We have very many Huygens wavelet 
centers; and at the imaginary reception plane, we have places of maximum 
reception effects as well as of minimum reception effects. It is then 
necessary to sum up all the effects at the various points of this imaginary 
reception plane. 

Therefore, as far as the reception effect is concerned, the basis of the 
Huygens-Fresnel wavelet effect is that we deal not directly with the origi- 
nal source (primary radiation center 7’) but with a multitude of secondary 
radiation centers located in the wave front of the primary wave. Even 
though diffraction is less pronounced around edges as the waves become 
shorter, the diffraction effect, in many cases, cannot be ignored. For 
instance, in the radiation system of Fig. 296, where Py denotes the pri- 
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mary radiation center of a half-wave dipole along the focal line of a 


paraboloid, which acts as a reflector, we have an infinite number of 
secondary radiation centers Si, S2, S3, Ss, Ss, . . . in the aperture plane 
(secondary wavelet window) of the paraboloid. We can then take these 
radiation centers as the sources and integrate the effect of the sources in 


7 (primary 
Q radiation 


Primary 
wave front 


SQ KEKGS Ud, 
a — LT HF” My) 


Fig. 297. Fresnel zones on an advancing 
primary wave front. & is the reference 
value of unity distance from the primary 
source. Shaded surfaces are the Fresnel 
zones. So, Si, S2, Ss are secondary wave- 
let (radiation) centers in the primary wave 
front. Fresnel zones are such that ri = ro 
+ (A/2); re =71 + (A/2) =70 +A; 173 = 
re + (A/2) = ro + 1.5A; r4 = 70 + 2); ete. 


WR (reception center) - 


the aperture plane at a distant field 
point P. The reason for doing this 
is that due to the geometry of such 
a reflector, all reflected rays from 
Py to 81, Sex, Ss, .. . are equally 
long and the aperture of the parab- 
oloid with the wavelet centers is a 
locality of equal phases. We have 
then, in effect, a plane wave front 
of the wave caused only a short 
distance away (from P»), and the 
plane wave front can be regarded as 
a plane with many radiators, which 
are all excited in phase. 

188. Remarks! on Fresnel 
Zones (Applied to Electromagnetic 
Waves). In Fig. 297, 7 denotes a 
radiation center where the primary 
source is located, and the spherical 
wave front contains Huygens radi- 
ation centers, such as So, S1, Se, S3, 
Ss... . From these secondary 
centers, wavelets start out, all with 
inphase excitations, and R denotes 


r =ro + b(A/2), and 6b is the value be- 


a particular reception center. Ac- 
tween 1 and 2. 


cording to Fresnel, we divide the 
spherical wave front into indicated circular zones. The lowest, or cen- 
tral, zone reaches from secondary radiation centers So to secondary radia- 
tion centers S; in such a way that RS; is longer by \/2 than the distance 
RS». In the same way, 72 exceeds 7; by a half wavelength as also rz 
exceeds the distance 72. The radiation effect on field point R must be 
the geometrical sum of all the radiation centers of the spherical wave 
front. One such center S is located somewhere in the second Fresnel 
zone a distance 7 from the reception center R, while another wavelet 


center next to S in the same zone is a distance r + Or from the field point _ 


k. These two points form an elementary zone in the second Fresnel 


1 This assumes that the boundary conditions for § and H fields are satisfied. 
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zone, as well as in the entire spherical wave front with a surface area 
0A = 2rd? sin a da 


which includes many secondary radiation centers. For the triangle 7'SR, 
we have the sides TR = d + ro, RS = r, and 7S = d and find 


r= d? + (ro + d)? — 2d(ro + d) cos a 


2r dr = 2d(ro + d) sin a da 
hence, ; (892) 
2rd 
OA = che qr or 


The received field at the reception center is proportional to the elementary 
surface 0A. Calling K the proportionality constant, we have, for the 
field intensity contribution 0& at R due tothe elementary spherical zone 0A, 


—7Br j[wt—B (d-+r)] 
a K6&e = K&ve aA 


0& oF 


a a dlet-84+)] gr —-volts/m (892a) 
0 


where 7, 7, d, \ are in meters, w/6.28 is in cycles per second, and B = 
6.28/d in circular radians per meter. The proportionality constant K 
depends only upon the inclination between the elementary zone 0A and 
the corresponding distance r. If d is large compared with ro, as is the 
ease when the spherical wave front is essentially plane, and located in the 
distant radiation region of the transmitter 7, then K = K,, for the nth 
Fresnel zone is constant. The field contribution & at R, due to any 
zone, such as the central zone between So and 8S, or, for instance, the 
third zone between S, and S; corresponding to the distance range from 
ro to rs from the wave front, is 


Qa K 6 oe / ‘ae InK n 
&, = | 08 = ———_ a+r) Ap =" ___ g giut 
if Tord Jena wemmp(rs + d) i: 


= ee feos E (x - iff) — cos E (x — a *)]) 
volts/m (8926) 


Tn 
18 (a+r) 


‘since in 
eite-i8(d4+7) — ecg | 2» (i — e as "| +7 sin E (x A ¢ + ‘)] 


only the real cosine term plays a part in the instantaneous value of &. 
For Fresnel zones, consecutive radii are always 14) longer than the pre- 
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vious one, Or fn — Tr-1 = 16d. Therefore, 
d r 
Tri = to + (n — 1) 5; Tr =TTNs 
yielding together with (892b), for any Fresnel zone, the field at R as 


eee 2k cos E (1 ae ae - “| volts/m (892c) 
0 


The factor (—1)"*t! indicates the polarity of field contributions &, due 
to successive Fresnel zone changes from plus to minus to plus to minus, 
etc., and the total received field &z at field point R becomes 


rag lice = &i — &o + &3 _ &4 = &5 a = (—1)"'6,, (892d) 


where &; is the field contribution due to the lower or central zone (lower 
cap S1SoS; in Fig. 297), & is the antiphase contribution of the second 
Fresnel zone S,S2S2S1, &3 is the inphase contribution with &, due to the 
third zone S2S3S3S2S2, etc. Since K, and, therefore, also &, decrease 
continuously as n increases (because the inclination of the zonal area 
dA increases with respect to the distance r), we have then alternate plus 
and minus polarities, and the total effect on & must be smaller than &). 
It is &2 = XE, = 0.581, 7.e., equal to half the amplitude or a quarter 
of the field energy, due to the first or central Fresnel zone. 

It is of interest to note that the radii of the Fresnel zones areto each 
other as the square-root values of natural numbers, making the width 
of the zones as (1/1 — /0) to (1/2 — vV/1) to (V3 — V2) to: -- 
This will be followed up in connection with Cornu’s spiral. 

189. Exact and Approximate Magnitudes of Zonal Areas and Other 
Zonal Parameters. Formula (892) is the expression for the elementary 
area 0A in any zone of a spherical wave front indicated in Fig. 297. 
The surface of any Fresnel zone, therefore, becomes 


Wiad ite ae ot aes 
i Sere 7 yf re “cee pq 72m) 


r — 72, = (ta + Tr-1) (Tn — Tra) = (25 sve) since fn — Tr-1 = 
Tn ae Tn-1 . 
Tavg — a Oo ae 


The value r.yz denotes the average value between the largest and the 
smallest distances r from the wave-front zone to the reception point R. 
We have then 
TE Nave 
To a d 


A, = sq m (892e) 


» 
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where all dimensions are in meters. The Fresnel zones are proportional 
to the wavelength. This is expected, because consecutive distances 
Tn-1 and r, from one extreme to the other extreme of a zone of a wave 
front with respect to a field point P are chosen in steps proportional to 
the wavelength. In optics, we deal with exceedingly small zonal areas. 
Since the factor r,v, is also involved, it may seem, at first, as if successive 
zones become larger. However, it is not the increase of the zonal areas 
A,-1 and A, alone that counts as far as the field contributions &,_; and &, 
of consecutive zones are concerned. r 
According to (892a), the contribu- ; 
tion 0& is inversely proportional to 
any r value and directly propor- 
tional to dA and, as such, cancels d 
the same effect in the value of A, in 

(892e). The respective field coatri- 


(primary 
radiation 
center) 


butions &1, &, &3, .. . , &n—-1, and 

&, of consecutive zones would be 5 
if i Spherical primary 

equal if it were not for the factor ial 


K, in (892c). This factor deals 
with the angle that a particular 
zone makes with the corresponding 
average direction raz toward the 
reception center R. The difference 
between consecutive zonal areas is 


eee A = (7, — F,-1) wad R (reception center) 
rot+d Fig. 298. Approximations for lower Fresnel 
2d zonal areas An. Assumes arc / small com- 
= 1.5/7 ead (892f) pared with d and ro (holds for lower Fresnel 
ia zones). Radius of circle is formed by 


3 A intersection of plane perpendicular to TR 
where 7, and 7,1 represent the through S. p &/1;a?is negligible, since a is 


average values for any consecutive Yay small; 018 very small; r = ra + 9, and 
zones. The difference of these 

average values is equal to the \/2 Fresnel zone step. We have then a 
fixed increase. 


Formulas (892e) and (892f) are rigorous. In many cases, approximations are 
useful. For Fresnel zones of low numbers, such as n = 1, the lower spherical cap 


SoSiSiSo of Fig. 297, and nm = 2 for the zone S,S2S2S1, . . . , we find, in the corre- 
sponding Fig. 298, the given approximations, and we have 
0.5p? 
a& ie (8929) 


since, for triangle TFS, 


d? = (d — a)? + p? = d? — 2ad + a? + p? = d? — Qad + p? 
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For triangle FSR, we have 
= (ro + a)? + p? = 72 + 2aro + a? + p? S72 + aro + p? 


Substituting the value for a from (892g), we find 
rotd 
d 
Hence, , 


ra + Biel. ps |e Ge RIS HF (3) 


2 
pro 
r= +5 + eae 


Therefore, the circular wave front of length / and radius , yields a common expression 


26rod 
p= FF; a =l (892h) 


If, therefore, the secondary wavelet or radiation center lies at the outer contour of 
the nth Fresnel zone, the excess 6 over the ro value is n 
times 14) or 6 = 0.5n) as long as n is not so large that 

=p no longer holds. For such a zone, we have the 
approximation formula 


Ar od 
pn = th = ee (8922) 


This result shows that for n = 1, we have zone S;SoS1 in 
es 297; for n = 2, we have the zone S2S1SiS2; for n = 3, 
FiGl sop MEBonal rings up , the radii pi, p2, ps, ps4, Vary proportionally with 
ton = 10 based upon the vat UB 1/3, W/4, ..., a8 in Fig. 299. The radius 


fone ee oi a pi is, therefore, k Ji 1 =k, where the constant k = 


eo ee V/rord/(d +7). This is the radius of the outer bound- — 
k~/9 = 3k. ary of the first zone (SiSoS1 spherical cap and radius of 

8,8; circle of Fig. 297). This is also the radius pi in Fig. 
299, We find also pp =k~/2 = 1.4142k, ps =b~VW/3 =1.73k, pi = 2k, ps = 
k V/V 5, .... The quantity p: is the radius of the outer boundary, and p: is the 
radius of the boundary next to the first zone, both radii holding for the second zone. 
If we deal with a wave front for which d = 5,000 m, the free-space wavelength 
» = 1m, and ro = 2,000 m, we find 


pees 


5 x aie 2 108 
‘| pe Nelt. = 37.8m 


© 5108 


The radius p: of the outer boundary of the first zone is then p:1 = 37.8 m; while for the 
fourth zone, we have ps = 37.8 4/4 = 75.6 m. If a wavelength \ = 0.01 m orl | 
em were used, the first zone would have a radius of only p = 3.78m. Theareaofthe | 
nth zone becomes |] 
mr od (n — a | 3.14rrod 
d+ro aot. id + 70 ¥ 


qm (892)) 


An = — p21) = | 
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According to this result, all lower zonal areas are equal, which result, in some cases, 
may not be a good enough approximation, so that formula (892e) should be used 
_ for greater accuracy. Since (892h) is also the expression for the arc length / in meters, 
the circular wave front (circular in the plane of the paper, but spherical in space) 
of the nth zone and the arc length /,_; of the (n — 1)th zone, according to (8922), 
yield 


Lai = J ahd (x REEL m0 (892k) 


d+ro 


For the second zone, we have v/n —-Vn-1= /2 _ V1 = 0.4142, and 
In — ln-1 = 0.4142 V/ rord/(d + ro) meters; while for the fourth zone, it would be only 


V/4 _ V/3 = 0.27 times the square-root value. Unlike in optics, we deal with short 
waves with appreciable dimensions, and there may be some use for such results. 


190. Magnitudes of Zonal Areas and Dimensions for Plane Wave 
Fronts. For plane wave fronts, we have, in Fig. 298, the quantities 
d= anda=0. This means that are 1 = SSo must coincide with SF. 
We have then, in triangle SFR, 


ptr =r? = (ro + 6)? = 7 + 26ro + OS + 2dr 


Since, in many cases, the quantity 6 is also very small compared with ro 
and 6? is negligible compared with 73, we have also p = ~/2éro. But 
6 = 0.5nA, for n = 1, 2, 3, - - * , amd forthe outer border. of the nth 
zone, we find a radius 


Pn = V Tor m (8921) 


and the area A, of the nth zone as 
An = m(p2 — p2_,) = rod[n — (n — 1)] = mrod sqm _ (892m) 


Applying this to the above example, where \ = 1 m, ro = 2,000 m, we 
find for the outer radius of the first zone a value pi = V/1X 2,000 X 1 
= 44.7 m in comparison with 37.8 m obtained by taking the actual 
curvature of 1/5,000 per meter into account. If we had assumed a 
wave front of radius d = 20 km, Eq. (8927) would have yielded p; = 
4/20,000 X 2,000/22,000 = 42.7 m, giving a better check on the value 
p1 = 44.7 m found for a plane wave front [Eq. (892/)]. It is, therefore, 
not necessary to approach the value d = very closely. This is due 
to the fact that the relative value of ro with respect to the curvature 1/d 
of the wave front also plays a part. If, for instance, a smaller portion 
of the 1/d curvature is used, as in the case of an obstructing screen with 
an aperture, only a short arc of the effective primary wave front can be 
effective, and we deal essentially with a plane wave front. For instance, 
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if we choose 7> = 500 m and leave the original value of d = 5,000 m. 


Eq. (8920) syieldetouee pn = 21,3 m, while Eq. (8920qaelm 
p1 = V500 = 22.36 m, which is more in agreement. The decrease of 
ro can be driven only to a certain limit, since it impairs the number of 
lower zones that can be used, because 6? is to be negligible in comparison 
with 7? in (8921). Inasmuch as for a plane wave front p, also represents 
the so-called ‘‘stretched-out”’ arc 1 of Fig. 298, the difference pz — pn1 
must also represent the length of the plane wave front of the nth zone. 


2 td 
eG Ne 
i 
ne 
e it Ls lo 
e@ < xX 
22 iF i 
‘ nd e Plane wave trot 
Actual linear @ with a uniform | 
radiator of electric Murmination 
length h and e% 
normal to _w 
the paper 


Reflector wires 
normal to the paper 


Fie. 300. Parabolic cage reflector with a linear radiator along the focal line. yg’ & y and 
ro — r &z sin ¢ for P in the distant radiation region. XZ is the equatorial plane of the 
parabolic radiating system. 


From this discussion, it can be seen that a portion of a wave front 
arriving at an edge of an obstacle or at a suitable opening of a wave 
obstruction may cause a deviation of the wave propagation from a 
straight course. The degree of the deviation depends upon the dimen- 
sions of the wave front as well as on the reception center orientation 
and on the frequency. 

191. Application of the Wavelet Concept to a Parabolic Electromag- 
netic Projector. Inasmuch as the Huygens-Fresnel wavelet effect applies 
to any wave front, we can consider such a front as a surface with an 
infinite number of secondary radiators, all radiating with the same inphase 
amplitude. Since, in reality, the field intensity at a reception center is 
due to a variable current flow in the actual radiator that causes the pri- 
mary wave front, we can also consider the wave front as a current 
surface for which all imaginary secondary currents are equal and in 
phase. By integrating the current effects at a reception point with 
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respect to the entire wave front, the resultant field at the reception point 
is obtained. In Fig. 300, we have a single linear radiator of length h 
along the focal length of a parabolic reflector, the top view being given 
in Fig. 300. Instead of linear reflector wires, a metallic copper reflector 
sheet bent into a parabolic shape can also be used. Since all reflected 
rays coming from the actual linear radiator have the same length from 
the source to the plane front surface of the reflector aperture, the ele- 
mentary fields of all points of the aperture are in phase and of same 
intensity. This assumes that any direct rays from the radiator are 
screened off. We can then take the window of the reflector as a current 
sheet 2w meters wide and h meters high with a uniform current density 
7 = Imax SIN wl aMperes per square meter. For such an action, it does 
not matter whether we divide the current sheet into current strips along 
the Y direction (parallel with the actual current flow) or parallel with the 
Z axis. The former is used here, since we are interested in the beaming 
effect of the paraboloid, and this can occur only in the XZ plane. This 
effect is, as we shall see, controllable either by the width 2w or by the 
wavelength or by both. It is then of interest to find an expression that 
gives the directivity D, in terms of the ratio 2w/d, 7.e., the opening or 
width, expressed by the operating wavelength. For a plane-wave-front 


element of width dz, we have a current content dJ = eg 1 dz = 2wi, 


for a current strip dz wide and 2w long. Comparing this content with 
the actual antenna current J4, we find a reflector effect [/I4. Each front 
face strip 2w meters long and dz meters wide is, therefore, a fixed current 
and fixed phase radiator of current 2wimax sin wt if we are interested only 
in the field right next to this current strip. But for a field point a dis- 
tance r meters away, this current is delayed in phase, since its effect 
must travel with the finite velocity of 3 X 10®m/sec = ¢. Each second- 
ary strip radiator acts for such field points with a retarded effect 2wimax X 
sin [w(t — r/c)]. Inasmuch as the uniform current sheet is just as high 
as the actual antenna of length h meters, the size of the current sheet is 
2wh square meters. For a width dz and a height h, we have for such a 
strip the moment M for the current distribution 


M = fpidean = hi Gt zie sin wt 
which has a retarded value 
M’ = hdzims sin wt, t =t— a c = 3X 10% m/sec (893) 


As shown elsewhere in this text, it is the time derivative of M’ that plays 
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a part! in the distant radiation region where field point P is located. 
We find then for the distant radiation region 


dM’ 


FP = Wh Aeimas 608 wt! * (898a) 


Since P is located in the equatorial plane of the radiating system, the 
field contribution at P, due to the current strip of area h dz is, 


C / 
wNimax a (wt’) bis 


ds = volts/m (893b) 


This is exactly the expression which would be obtained from the dé&, rela- 
tion given in the footnote on this page, since in the equatorial plane 
sin 6 = sin 90° = 1. Using the abbreviations A = hinx/r and B = w/c 
and introducing the path difference ro — r = z sin g, for wt’ = wt — Bro, 
we have, for any field point P in the equatorial XZ plane, 


d& = —wA cos (wt — Bro + Bz sin ¢) dz 
= —wAlcos wt’ cos (62 sin g) — sin wt’ sin (82 sin ¢)] dz 


The total field contribution from the entire current sheet, 7.e., secondary 
radiation centers with wavelets, in the plane aperture of the paraboloid 
yields 


1Tt is the component &; that is significant, where & is normal to the direction of 
propagation, z.e., tangent to the wave front at P. For 6 = w/c, very short length 
dh, and 6 the angle that r makes with the current element dh, we find 


de OLE) =x ne = (cos wt’ — Br sin wt’ — Br? cos at’) 

3 é negligible together with 

18.84 X 108/ dh sin 6 
»r A 


) volts/m 


The perpendicular associated H field is dH = d&,/376.7 amperes per meter, since 


Ile 


clB dh sin @ 
— cos (et — br) = — 
fs 


wl dh sin 6 ( 
d& = — ———— cos]. o{(t — 
Tr 


os (. = 6.28 
nN 


Crates 


_ I dhsin 0 


2 


aI dh sin 6 


dH (sin wt’ — Br cos wt’) & cos (wt — Br) 


The radial field (along the direction of propagation) is 


2cI dh cos 6 


d&, = 
Br? 


(cos wt’ — Br sin wt’) = Ovolts/m in the radiation region 
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+w + 
& = i d& = —wA E (wt’) i cos (62 sin ¢) dz 


=A 


+w 
— sin (wt’) / sin (6z sin ¢) az| = —wA cos (wt’) sin (6w sin ¢) 


6 sin ¢ 


Hence, 


2 sin (22 w sin °) 
& = —cA cos (at’) ~ = 2cA cos (wt’)D, volts/m 


sin o 
(893c) 
We have then a directivity in the equatorial XZ plane 
sin (s60° x sin °) 
Do = (893d) 


sin ¢ 
Assuming the half width w = 16s, =), and equal to 1.5 gives the 


TasBiLE 65. BramMInNG Errect oF THE PARABOLIC PROJECTOR FOR DIFFERENT 


OPENINGS 
WwW ; 
For k ke = 1. Since for ¢ = 0° re 
For= = 1.5 = 
have Dy = (undeterminate) PCE an OS Be S en 
eg cae) in we have two side lobes 
© = 1° is used 
y e j 

a 3) 3 a Beat ater S| 

eigtate SIG [aie y se) 2, ala 
Sev sng|g 3] siny \ g 3 siny’| 3 Sass a . 

x ee : & i 2 

> as me, Q 

1 {0.0175} 6.3) 0.1097; 6.29 3.15/0.0549/3 .125 9.45} 0.1641} 9.38 

10 0.1736) 62.7; 0.8886) 5.1 31.35/0.519 |2.97 94 0.9976) 5.738 
20 (0.342 |123 0.8387; 2.45 | 61.5 |0.8788/2.56 |185 —0.0875| —0.0255 
30 0.5 180 0.0000} 0.00 | 90 1.0000/2.000 |270 —1.0000) —2.0000 
40 |0.643 |232 |—0.788 |—1.22 |116 0.8988]1.39 |347 —0.225 |—0.35 
50 (0.766 (276 |—0.9945)—1.3 {138 0.6691/0.872 |414 0.809 1.058 
60 |0.866 |311 |—0.7547|)—0.875|155.5 |0.4147|0.48 |468 OVOSt Ls 
70 |0.9397/339 |—0.3584/—0.38 |169.5 |0.1822/0.194 |508 0.5299} 0.564 
80 0.985 |855 |—0.0872)—0.089)177.5 |0.0436)0.0443/532 0.1392) 0.141 
90 |1.0000/360 0.0000! 0.000)180 0 .0000/0 .0000/540 0.0000} 0.000 


computation procedure of Table 65 and the directivity patterns of Fig. 
301. The most important direction is the g = 0 deg direction, which 
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gives an undeterminate solution, since D, = 0/0. This is the reason 
why in Table 65 a small angle such as g = 1 degisalso used. The value 
for this small angle then gives a means of finding the value for g = 0 deg 
by the method of graphical interpolation. When the opening 2w of the 
paraboloid becomes larger than 1 wavelength, side lobes appear owing 
to wave interference. This corresponds then to wave-front excitations 
for which w > 14). Figure 301a shows the limiting case corresponding 


SS 


(a) d . 
=h—9=0—>X 
i\ ag 
Ww - 
° Qe OOS ee = ° Za 
gY =- 90 3 4 a o e Be 2) o ~/0 
fin tc ae Existing t ae 
19n°-672 hear 
Brac nee vere 
pormgl ae 
a AOI equatoria, 
9-90 WY 040° 50, 20° XZ plane 
fe Loa 7 2=/0 ° FEE: 
as 34 a Be 
eS ae x w=A ee 
Z w=05A ~ T— A 
(b) <== iS = a 
wi; a —125-- =? 
pas —so 
ee ee J 
. eee ort 
STNG. = ine 
@=-90° ann -40° -30° #--10 


~g0° ~SO° 
Fic. 301. Diffraction pattern of parabolic electromagnetic projector in the equatorial 
plane [ignoring the forward factor 1 + cos (angle)]. 


to w = 0.5, with only one lobe in comparison with an opening of w = X, 
for which we have the upper limit from which on side lobes are also 
caused. The side lobes are of negative polarity with respect to the 
polarity of the main lobe. Figure 3016 gives the comparisons of the main 


lobes for w = 0.5, d, and 1.5. The four side lobes for w = 1.5 are 


then of negative and positive polarities if the main lobe is taken as 
positive. We shall find six side lobes for w > 1.5\ up to and including 
to 2\ = w. We note that the main beaming is decidedly more for 
w = 1.5 than for the other openings of the paraboloid. The ratios 
in the preferred direction are 9.5:6.35:3.17 as far as the field intensities 
& and H are concerned. The beaming with respect to the field energy 
is then in the ratios 9.57:6.35?:3.172.. The polarity of respective lobes 
does not matter, since it means only that respective electric and magnetic 
field vectors are subjected to it. It is, however, the field energy that 
counts, and the polarity of energy is always positive. Besides, each 
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side lobe belongs to a particular angular region, regardless of its polarity. 
The sharpness of the main lobe can be increased by increasing the plane- 
wave-front width. Therefore, if & is larger in w = kd, we have sharper 
main beaming but also more “‘side brush” due to more side lobes. In 
some cases, these side lobes may be screened off. For k = 10, we have 
¥Y = 3,600°sin 9; and for » = 1 deg, we findy = 3,600 X 0.0175 = 63 
deg, sin ¥ = 0.891, and D, = sin /sin » = 0.891/0.0175 = 51. Thisis 
a much larger value than any of the corresponding values in Table 65. 
The angle g = 1 deg, for k = 10, is not a good enough approach for the 
¢ = 0 deg condition, even though it is an approximation for k = ds 
since then y is 360 X 0.0175 = 6.3 deg in comparison with 63 deg for 
k = 10. We must then take g = 0.1 deg for k = 10 and find sin0.1° = 
0.0017, y = 3,600 X 0.0017 = 6.1 deg, and D, = sin 6.1°/sin 0.1° = 
0.1063/0.0017 = 62.5. This is then about the value for g = 0 deg. 

In formula (893d) and the discussion of Sec. 192, the right side of 
formula (893d) must (strictly taken) also be multiplied by the forward 
factor (1 + cos'y). Doing this, still more emphasizes the main beaming 
and deemphasizes any side-lobe effects. The main lobe is desired radiation, 
and any side lobes are undesired radiation. The forward factor was 
purposely ignored in Table 65 and the corresponding polar diagrams, 
in order to show how sharp the main beaming can be made, even without 
the Huygens forward factor. We work quite often with a very sharp 
main beam which occupies only a very sharp angle for which the forward 
factor has essentially the value 2, since (1 + cos v) & 2 for g small. 

192. Notes on the Beam Width of a Plane Wave Front with Wavelets. 
It is the width of the main beam that is of importance. Minima values 
occur in (893d) whenever sin [360°(w/d) sin y] = 0, 2.e., for (w/A)360° Xx 
sin ¢ = 0; 180; 360 deg or equal to g180 deg for g = 0, 1, 2, 3, 4, 5, 

. The condition g = 0 does not apply, since we know that maxi- 
mum effect must occur along the main axis (X axis of Fig. 301) cor- 
responding to ¢ = 0 and Y= 0. Since y =0 will not apply, it is 

= 180 deg that determines the sharpness of the main beam. From 
Table 65 as well as Fig. 301, we note that for w/d = 0.5, the only beam 
is broad, because y = 180 deg occurs when we have g = 90 deg. For 
k = 1 instead of 0.5, the main beam is much narrower, since it occupies 
an angular spread of only 2 X 30, or 60 deg. For k = 1.5, we have 
¥ = 540 sin g = 180 deg and sin g = 18% 49 = 14 = 0.3333, yielding 
g = 19.5 deg with a beam spread of 2 X 19.5 = 39 deg. We have, 
therefore, the main beam spread B = 2¢, or 


B = 2sin- (0.5 x) deg (893e) 
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or B = 2sin~! (0.5/k) degrees. Table 66 gives the evaluations for this 
angle, and Fig. 302 shows how the opening of a paraboloid affects the 
main beam width. It is seen that very sharp main beaming is possible, 
since B degrees is the total main beam width. For instance, for k = 30, 
the total spread is only B = 1.9 deg. Since k = 30 = w/) expresses, 
for 3-cm waves, a full aperture width, b = 2w = 2k\ = 2 X 30 X3 = 
180 cm or only 5 ft 10.8 in. The beam width angle of B degrees refers 
here to the spread between the first two zero positions of the radiation 
pattern with the main beam in the spread. In some work, the beam 


width is not taken to absolute zero values as here, but either to 70.7 per © 


TasBLte 66. Marx Bram WiptH For Forwarp Factor IGNORED 


ie 

1 7 go, |B = 2, i by B, i go, | B, 
2 Qk ae deg deg 2k deg | deg 3 2k deg | deg 
0.5 1.0000 | 90 180 1.5) 0.333 | 19.5] 39 8| 0.065 | 3.6 | 7.2 
0.6 0.832 56.3) 112.6 | 2 0.25 14.5) 29 10} 0.05 2.9 | 5.8 
0.7 0.712 45.4, 90.8] 3 | 0.1665) 9.6) 19.2} 12) 0.0417) 2.4 | 4.8 
0.75 0.667 41.81 83.6] 4 | 0.125 | 7.2) 14.4] 15) 0.0333] 1.9 | 3:8 
1.0 0.5 30 60 5 0.1 5.8| 11.6] 20) 0.025 | 1.4 | 2.8 
1.25 0.4 23.6 47.2 | 6 0.0832} 4.8] 9.6] 30) 0.0166) 0.95} 1.9 


cent of the maximum value (to half-power points) or sometimes to 50 per 
cent of the maximum value. Formula (893e) will give impossible solu- 
tions if k = w/d becomes smaller than 14, since for smaller values 


sin g = 0.5/k becomes larger than unity. As far as the Huygens for- 


ward factor is concerned, it has effect essentially in the main-beaming for- 
ward direction. 

The main feature of the parabolic projector is that we can produce 
plane electromagnetic waves over very short distances from the primary 
radiator, since at the aperture of the paraboloid we have plane waves. 
Such waves can then be used to measure reflection coefficients of objects 
close to the source, since the Fresnel reflection theory assumes a plane 
wave front. 


193. Wave Propagation through Apertures. We shall see in the fol- | 


lowing sections that even the modified simple theory due to W. Voigt? 


and the more rigorous general wave solution by G. Kirchhoff? with his | 


1Vorer, W., ‘‘Kompendium der theoretischen Physik,’ Vol. II, p. 776, Leipzig, 
1916. : 
2 Kircunorr, G., Wied. Ann., 18, 663 (1883). Drups, P., ‘‘Theory of Optics,” 
translation by C. R. Mann and R. A. Millikan, pp. 174-181, Longmans, Green & Co., 
Inc., New York, 1939. H. Porncarg, ‘‘Théorie mathématique de la lumiére,”’ Vol. IL. 


y 


| 
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wave function w = F[z, y, z, t — (r/c)] avert some of the shortcomings 
of the original Huygens principle and that of the Fresnel modification. 
The experimental verification in optics seems essentially due to the fact 
that the ratio of the wavelength of light to the largest dimension of an 
opening in a screen is exceedingly small. Hence, the arriving wave at 
the screen is practically forced through the opening along the direction 
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Fie. 302. Width B deg of principle beam of paraboloid in dependence of the aperture width 
b in wavelengths. 
of incidence, so that on the inside of the screen (its shadow side) the 
intensity essentially vanishes. Wzth radio waves, such as used in wave 
guides, in electromagnetic horns, the wavelength is close to the order of 
the dimensions of the opening and the polarization must play a part. 
As in many short-wave cases, a compromise must be made in order to 
satisfy observed experimental facts. Experimental facts are what count. 
Nevertheless, we can apply many of the optical aperture observations 
to radio problems if the dimensions are changed accordingly. For 
instance, we know that a half-wave linear conductor is an efficient radi- 
ator and that a metal plate behind such a radiator diverts electromagnetic 
field energy efficiently into the forward direction, owing to the mirror 
effect. We also know that a half-wave reflector wire, say one-quarter 
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of a wavelength, behind a half-wave radiator also diverts the electro- 
magnetic field energy efficiently forward. It therefore seems reasonable 
to expect that a half-wave slot in an obstruction to electromagnetic 
waves should let some wave energy pass into the medium behind the 
screening obstacle. As a matter of fact, this should also happen to a 
certain degree when the slot differs in length from a half wavelength. 
If we have several slots, according to the Huygens-Fresnel principle, we 
should then expect that wavelets originating in the openings or slots 
would cause wave penetration behind the screen and partially into the 
geometric shadow region. We can then speak of slot radiators that 
transmit waves. We may have then a resonant slot that is a half wave- 
length long and narrow in a metal sheet, where the wave polarization 
is such that a horizontal slot causes vertically polarized waves as would 
a vertical half-wave metal radiator and a vertical slot causes horizontally 
polarized waves as would a horizontal linear metal radiator. We have 
then two types of slots that can be used as linear wave-front radiators. 
The slots are then placed in positions where they can intercept currents 
in the walls of wave guides, for instance. Slots that interrupt longitu- 
dinal currents down the broad faces of wave guides are then series coupled. 
We can then apply shunt-displaced slots in the broad face or shunt- 
inclined slots in the narrow face for directivity devices.!_ For such wave- 
front radiators, the Babinet principle in optics can be used. Similar 
diffraction patterns are then caused by two complementary screens, 
where the opaque portion of one corresponds to the transparent portion 
of the other. The slot then behaves similarly to that of a complementary 
dipole with the metal removed from the metal sheet. 


As mentioned in Sec. 187, we must take care of the change of the field conditions 
in an aperture due to the boundary conditions, which must be satisfied for electro- 
magnetic waves. However, in order to bring out the diffraction principles, we shall 
assume to begin with that the wave front in an aperture is unperturbed. Doing this 
in Fig. 303a, we can imagine a slot 1-0-2 in a metal screen having behind it a medium 
that can absorb any arriving incident wave energy, so that we can assume the wave 


‘A Report on the Convention on the London Radio-location, Radio, 30, (5), 
May, 1946, released by O. P. Ferrell, and reports by H. G. Booker, D. W. Fry, E. C. 
Jordan, and W. E. Miller, Slotted Cylinder Antenna, Electronics, February, 1947. A 
thin slot is in effect equivalent to an array of magnetic dipoles (small current loops). 
Axial slots in vertical cylinders give horizontal radiation patterns (consult Fig. 30). 
It is possible with such slot radiators to obtain horizontally polarized pattern effects 
which are almost circular. When radiation occurs from an aperture of a U-shape sur- 
face, the size of the surface has only a secondary effect on the omnidirectional trans- 
verse radiation pattern, if the spacing between the sides is smaller than \/8. For a 
slot aperture in a metallic plane screen, the directivity pattern in a plane transverse to 
the slot depends on the dimensions of the screen. In longitudinal planes the direc- 
tivity pattern depends essentially on the length of the slot. 
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front in the opening unperturbed. Let us also assume that the orientation of the 
slot is such that waves can pass through it. We can take then all points of the 1-0-2 
slot as Huygens wavelet centers and have conditions as in Fig. 3030, with the sym- 
metry line 7O0Po. Suppose that we have only radiation centers 1 and 2. Then a 
wavelet starts out at 1, and a wavelet at secondary radiation center 2. Since, at the 
aperture, the wave front is a trough condition, the first solid wavelet circles must 
correspond to wave-crest conditions. Therefore, at Ri we must have a double-crest 
effect, since the 1 and 2 wavelets arrive in phase and with their crests. Similarly at 
Re, we have a double-trough effect. Each position is then a seat of a maximum field 
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1 and 2 are secondary radiation centers (Huygens wavelet sources) ; full circles denote wave 
crests and dashed circles denote wave troughs. 
Fic. 303. Wave penetration through an aperture of a screen by means of the Huygens 
wavelet concept. 


condition. Hencé, for only two radiation centers, such as 1 and 2, along OP», we 
have localities of reinforced crests and localities of reinforced troughs. Therefore, 
halfway between such locations, we have conditions of zero field effects. We have to 
take into consideration all the possible wavelet centers of the aperture in Fig. 303, 
since secondary radiation centers 3, 4, 5, . . . are also effective. We then find that 
all along the line TP», we have a field condition, 7.e., an electromagnetic illumination. 
This would correspond to the central bright illumination on a pickup screen. But 
in optics, we also find experimentally that the illumination due to the slot opening 
is not sharp on the pickup screen. The illumination blurs over the edges. As a 
matter of fact, if we use a monochromatic light source, in the case of a narrow slit, 
we have a central bright illumination corresponding to the symmetry location TP» 
(a picture of the width of the opening) and, on each side of it, ribbons that are alter- 
nately dark and bright. These are then alternate cancellations and reinforcements. 
Taking all possible wavelets into account, we find the conditions of Fig. 304. Suppose 
a plane wave front arrives at the aperture 1-0-2. Suppose points P: are so located 
that (as in Fig. 304b) the distance from 1 to P; is equal to d; and the distance from 2 
to P; is a full wavelength longer, or di +. The distance OP; is then d; + 4d. 
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Therefore wavelets traveling along 1P: and OP; must essentially cancel if d; > 
and the slot is narrow. If this condition is not fulfilled, only a minimum resultant 
effect will ensue at P;. Now we have other pairs of wavelets. We have also the 
path difference 3’P; — 8P; = 44. This will likewise give rise to destructive wave 
interference at P;. Therefore, all portions of the wave-front halves 1 to 0 and 0 to 2 
cause destructive interference at field point Pi. In exactly the same way, a point 
P», with a distance from 2 to P: equal to dz and from 1 to P2 equal to dz + 44), will 
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Fic. 304. Field energy fluctuations due to reinforcements and destructive wave inter- 
ference. 


cause maximum field effects at Ps, when all possible wavelet contributions are taken 
into account at the reception center P,. Therefore, for any point P, for which 


(1 to P) — (2 to P) = 0.59a (894) 


we find maximum resultant field effects for q = 0, 1, 3, 5, 7, - - - , corresponding to 
reception centers Po, Ps, Ps, Ps, . . . , and minimum resultant field effects for q = 
2, 4, 6, 8, - - - , corresponding to reception centers Pi, P3, Ps, +++. This is the 
case because wavelet pairs, being 0.5\ out of step, cause destructive effects and wave- 
let pairs, being 1.5\, 2.5, 3.54, . . . out of phase, have components in phase opposi- 
tion. The higher the order (9.5) is a higher order than 8.5\) the smaller will be the 
minimization effect, since the inverse distance effect of the component fields must also 
be considered. 

Inasmuch as in Fig. 3046 the diffraction OP. for maximum field effect at Pe is 
less for an operating wavelength \ than for the OP effect with a wavelength \ + Ad, 
we realize why diffraction becomes more marked for longer wavelengths. 


194. Diffraction from a Sharp Edge (Optical Straight-edge Approxi- 


mation). Figure 305 shows what may happen when a plane wave arrives 
at a sharp edge at H normal to the ZX plane. We have then the exag- 
gerated diffraction pattern, which, according to Sommerfeld, is a diffrac- 
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tion pattern in the geometrical shadow region FG as well as in the unob- 
structed region FH. This explains the experimental optical observation 
that an edge F along the Y axis behaves like a linear light source, emitting 
cylindrical waves in the +Z, +Y, and +X directions. The cylindrical 
waves proceed below and behind the edge £, with a 1/+/distance law, 
1.e., a small wave spread amplitude decrease; while in the unobstructed space 
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Fig. 305. Electromagnetic diffraction behind a sharp mountain wedge in the geometrical 
shadow zone as well as in the unobstructed zone behind the wedge. Y axis is normal to 
paper. 


above and behind the edge H, we have wave interference between arriving 
plane waves and the secondary spherical waves. In order to bring out de- 
tails, the scales in this figure are greatly exaggerated. We have then dif- 
fraction below and above the edge EH. ‘The wave spread into the region below 
the E edge refers to a portion of the geometric shadow zone. The inter- 
ference pattern between cylindrical and plane waves yields parabolas. 
We then have maxima effects for the full-drawn parabolas and minima 
for the dash-dash parabolas. The waves radiated by the edge H decrease 
with 1/+/distance, while there can be no space attenuation for the 
arriving plane waves, since there is no spread. The inverse-square-root 
law holds along a path of fixed diffraction, but the amplitude does not 
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change when the interference pattern moves along the parabolic path, 
because the decrease of the angle of diffraction just offsets the amplitude 
decay and causes an amplitude increase. The energy pattern as well 
as the corresponding amplitude pattern on either side of the edge can 
be explained by means of the Cornu spiral, as well as by Fresnel zones. 
We have then, for partial zones, conditions as in Fig. 306. Above the 
Y axis, as in Fig. 306), on the positive side of Z of the edge, there is no 
obstruction for the arriving plane wave or any curved wave front origi- 
nating at a primary source. But for the —Z side, we are in the geometric 
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Fie. 306. Application of zonal rings to a sharp-wedge diffraction. 


shadow zone if we first take point So at the very edge of the obstruction. 
This corresponds to points H# in Fig. 305 and point # in Fig. 306b. The 
points F of the arriving plane wave front are then wavelet centers, and 
So as such a point emits a wavelet, which is represented by the circular 
wave front. If the entire edge length along the Y axis is taken into 
account, these circles must be cross sections of the corresponding second- 
ary cylindrical wave propagation. The radiation effect of the So wavelet 
can be expressed by Fresnel zones of areas Ai, Ao, As, Aa, ..., Of 
which only four consecutives zones are shown in Fig. 306). This can 
be done, since the field contribution at the corresponding reception 
center becomes smaller and smaller for consecutive zones. This can be 
understood from (892d), since the resultant field Se = 8: — 8 + 8&3 
—&+-:-: = 0.581, 7.e., equals half the field contribution of the 


central zone A, (Fig. 296). At the very edge # (Fig. 306), the Fresnel | 


zones are only half-circular ring segments, as shown in Fig. 306b, since 
the lower half of the arriving wave front at EF is obstructed below the 
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YX plane (it is assumed that the wave front above this plane is the same 
as when the edge is absent). The resultant field due to the S) radiation 
is, therefore, only 0.5& or 0.258:. This means that the field at the 
reception center Ro is only half and the corresponding field energy only 
one-quarter of the field if the total Fresnel zones were operative, i.e., not 
half obstructed by the edge. Now S, represents a wavelet center a dis- 
tance a below the Y edge. This means that still fewer of the zonal areas 
are effective. The resultant field at the corresponding reception center 
R, must be smaller than at Ro and much smaller when no obstruction is 
present. Hence, as the distance a is increased, the corresponding result- 
ant field at R. will rapidly fall toward zero value, as is roughly indicated 
in the energy diagram of Fig. 305. But for a wave-front location S; in 
Fig. 306, which is a distance b above the Y axis, more and more complete 
Fresnel zones are unobstructed, and the field at the corresponding recep- 
tion center A, may become larger than for the condition with the obstruct- 
ing edge absent. The reason for this is that the effects of the consecutive 
Fresnel zones are alternately additive and subtractive; and according to 
the zones not operating (partially obstructed), the received field intensity 
is stronger or weaker. For instance, for an even number of complete 
zones operative (two for S;), a minimum field condition results and 
& = 0.58% + &1 — &; while if only the first A; zone were unobstructed, 
& = 0.582 + & = (0.58;/2) + &; = 1.258). This is a maximum effect. 
Hence, as 6 increases, we move through maxima and minima, which 
gradually approach the normal level of unity. This is roughly indicated 
in Fig. 305. 

Inasmuch as an increase in 6 uncovers more and more Fresnel zones, 
the consecutive maxima and minima cannot be equally spaced but are 
according to the radii of the Fresnel zones. The distances 6 from the 
obstructing edge must, therefore, be proportional to v/1, +/2, v/3, 
V/4,.... We can, therefore, apply the Cornu spiral procedure for 
a more accurate interpretation of diffraction into unobstructed regions, 
as shown in Fig. 305. 

195. The Cornu Spiral Procedure for Interpreting Fresnel Integrals. 
There are two Fresnel integrals that play an important part in radiation 
problems. These integrals have the form 


8 2 8 2 
L= | Cos (a ds; y = if sin () ds (895) 
0 2 0 2 


If the quantity s denotes the upper limit of the respective x and y inte- 
grals, we obtain the well-known values for x and y of Table 67. The 
corresponding graphical integration is shown in Fig. 307, where the 
upper limit s gives the s units along the spiral as well as along X and Y 
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TasLEe 67. TasLe ror FRESNEL INTEGRALS, Eq. (895) AND THE GRAPHICAL CorNU | 


SprraL SoLution or Fia. 307 


8 x y s ay y s £3 y 
0.0 0.0000 | 0.0000 3.1 0.5616 | 0.5818 6.2 0.4676 | 0.5398 
0.1 0.099 0.0005 38.2 0.4663 | 0.5933 6.3 0.4760 | 0.4555 
0.2 0.1999 | 0.0042 3.3 0.4057 | 0.51938 6.4 0.5496 | 0.4965 
0.3 0.2994 | 0.0141 3.4 0.4885 | 0.4297 6.5 0.4816 | 0.5454 
0.4 0.3975 | 0.0334 3.5 0.5326 | 0.4153 6.6 0.469 0.4631 
0.5 0.4923 | 0.0647 3.6 0.5880 | 0.4923 6.7 | 0.5467 | 0.4915 
0.6 0.5811 | 0.1105 3.7 0.5419 | 0.5750 6.8 0.4831 | 0.5436 
0.7 0.6597 | 0.1721 3.8 0.4481 | 0.5656 6.9 0.4732 | 0.4624 
0.8 0.723 0.2493 3.9 0.4223 | 0.4752 7.0 0.5455 | 0.4997 
0.9 0.7648 | 0.3398 4.0 0.4984 | 0.4205 thas 0.4733 | 0.5360 
1.0 0.7799 | 0.4383 4.1 0.5737 | 0.4758 ee, 0.4887 | 0.4572 
Pek 0.7648 | 0.5865 4.2 0.5417 | 0.5632 7.3 0.5393 | 0.5199 
1.2 0.7154 | 0.6234 4.3 | 0.4494 | 0.5540 7.4 0.4601 | 0.5161 
1.3 0.6386 | 0.6863 4.4 0.4383 | 0.4623 725 0.5160 | 0.4607 
1.4 0.5431 | 0.7135 4.5 0.5258 | 0.4842 7.6 0.5156 | 0.5389 
16) 0.4453 | 0.6975 4.6 0.5672 | 0.5162 dete 0.4628 | 0.4820 
LenG 0.3655 | 0.6389 4.7 0.4914 | 0.5669 7.8 0.5395 | 0.4896 
bere 0.3238 | 0.5492 4.8 0.43838 | 0.4968 7.9 0.4760 | 0.5323 
ibsts) 0.3337 | 0.4509 4.9 0.5002 | 0.4351 8.0 0.4998 | 0.4602 
1.9 0.3945 | 0.3734 5.0 0.5636 | 0.4992 8.1 0.5228 | 0.5320 
2.0 0.4883 | 0.3434 5.1 0.4987 | 0.5624 8.2 0.4638 | 0.4859 
2.1 0.5814 | 0.3743 5.2 | 0.4889 | 0.4969 8.3 0.53878 | 0.4932 
2.2 0.6362 | 0.4556 5.3 0.5078 | 0.4404 8.4 0.4709 | 0.5243 
2.3 0.6268 | 0.5531 5.4 0.5573 | 0.5140 8.5 0.5142 | 0.4653 
2.4 0.5550 | 0.6197 5.5 0.4784 | 0.5537 co) 0.5000 | 0.5000 
2.5 0.4574 | 0.6192 5.6 0.4517 | 0.4700 
2.6 0.3889 | 0.5500 yer 0.5385 | 0.4595 
Pa Pf 0.3926 | 0.4529 5.8 0.5298 | 0.5461 
2.8 0.4675 | 0.3915 5.9 0.4484 | 0.5163 
2.9 0.5624 | 0.4102 6.0 0.4995 | 0.4469 
3.0 0.6057 | 0.4163 (Sell 0.5495 | 0.5165 


8 8 
Remarks: For the Fresnel integrals x = f pds, y = i, q ds, p = cos (0.57s?), gq = sin (0.57s?), 
Cy) ° 


s is the length along the Cornu spiral. 


directions, and cos (0.5ms?) and sin (0.578?) of the x and y integrals are 
the coordinates. Hence, the areas under the curves to any value s must 
be the respective Fresnel integrals, z.e., the values x and y in Table 67 
or in Eq. (895). This table as well as the corresponding p and gq curves 
in Fig. 308 show that the values of the integrals oscillate about a zero 


value, and the p and the g curves show that no fixed repetition exists, - 


since, with increasing upper limit of the integral, the areas of the respec- 
tive oscillations become smaller and smaller. As the limit approaches 
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infinity, 7.¢., s—> ©, we find 


L£= [Pass y= fads = +0.5 
These values become even more significant when examining the Cornu 
spiral of Fig. 307, which represents the equation 
y = 0.578? (895a) 
where s is the distance measured from the origin of the XY system along 


the scale of the Cornu spiral to a certain point P of the spiral. The 
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Hira. 307. Cornu spiral (graphical interpretation of the Fresnel integrals), 


quantity y denotes the angle of the tangent at this point P with the X 
axis. The constant 0.57 = 1.57 determines the scale along the spiral, 
since y is in radians. The same scale applies also for the X and Y axes. 

For practical applications, the quantity s need not be infinite in 
order to yield the 0.5 value for the x or the y integral, and a value of 
s of a few thousand yields essentially z = 0.5 = y. Since the upper 
limit may be + ~, the x and y values of +0.5 will be coordinates of 
respective asymptotic’ points J and J’ reached for such limits. From 
Fig. 307, it is seen that for s = 0, the curve must be tangent to the X 
axis at the origin, since then Y = O radians. The origin is also an inflec- 
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tion point, since s in the +X, +Y quadrant is positive and in the —X, 
—Y quadrant is negative. The outstanding feature of the Cornu spiral 
is that for y = 7/2 radians, we have y = 0.5rs? = 7/2 or s = +1, 
because s = 1/1. For y =7, we have then s = 1/2 = 1.4142. For 
P= 1.65, Zieh ee, We find s = 3, V4, V5, +: *, or = 
+1.73, +2, +2.236,---. The curve can, therefore, be plotted 
roughly from such characteristic points. Another feature of this spiral 
is based on the above numerical outcome. The lengths for successive 
90-deg or 7/2 turns of the spiral are VJ/1, /2—-vV1, V3 — V2, 
/4 = V8, V5 — V4, °° *, 4.6, A, 0.4142, 0.32, 0.27, 0.256, sae 


pp=cos(zs?) { q=sin( $s?) 


Fic. 308. Areas under respective curves are the solutions for the Fresnel integrals x and y. 


Equations (895), representing the. respective Fresnel integrals, can be 
readily found from the differential dy, dz, ds triangle of Fig. 307, since 


dx = cos y ds = cos (0.5rs”) ds; dy = sin yds = sin (0.57s?) ds 


Generally, any distance s along a spiral between the origin and a point corre- 
sponding to z is given by 


— ia / (dz)? + (dy)? = if ds =2 (895b) 


because any short curve element ds of the spiral has, according to (895), the respective 
projections dx = ds cos (0.5rs?) and dy = ds sin (0.57s*), rendering ds = 4/ da? + dy?. 
The radius p of the curvature at any point P is p = ds/dj, where tan y = dy/dxr 
= tan (0.57s?) and y = 0.57rs? denotes the angle between the tangent at any point P 
and the X axis. Therefore, 


1 ° : 
pS = SS is radius of curvature for any portion of the Cornu spiral (895c) 


Since J and J’ represent the asymptotic points for s = + , we have the corresponding 
+o + © 
coordinates for J and J’ as « = i, cos (0.5rs?) ds and y = i, sin (0.57?) ds. 


By means of (895c), we can also construct the Cornu spiral, using different consecutive 
radii (ever-shortening radii p). The procedure is as follows: Plot « = 0.1 along the 
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X axis, being an interval small enough to give practically the corresponding fixed 
curvature 1/p. Since at the origin the spiral is tangent to the X axis, we scale off 
from the origin along the Y axis a distance p = 1/ms = 10/r = 3.185 and draw an 
are with this radius, which is 0.1 long and passes through the origin. At the end 
point, we add another are with the radius p = 1/rs = 1/0.24 = 1.5925, which makes 
an angle y = 0.5rs? = 0.57 X 0.04 = 0.027 radians with the axis X. Since 7 radians 
are 180 deg, we have y = 0.02 X 180 deg = 3.6 deg. 


The two Fresnel integrals of (895) and the corresponding Cornu 
spiral of Fig. 307 are useful for computing radiation patterns of electro- 
magnetic horns, paraboloids, gains of such radiators, etc., since we can 
apply Huygens’ wavelet concept together with the improvement due to 
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Fresnel, who introduced the interference principle of waves traveling 
through different paths and arriving at a certain common field point. 
196. Application of Cornu’s Spiral and Tables for Fresnel Integrals. 
The many fictitious secondary radiation centers of an arriving exposed 
wave front, due to a primary radiator, are the poles of the wavelets 
emitted from such centers. In Fig. 309, the successive zones of the 
wave-front surface are so subdivided that the distance from the recep- 
tion center R to the secondary wavelet center 10 is 0.5\ longer than the 
shortest distance ro, etc. Each portion of such Fresnel zones contributes 
field energy at a chosen reception center R. We can divide the first 
or central zone into 10 portions such that each portion causes one unit 
field at R. The geometrical addition of all 10 such fields, designated 1, 
2, 3, 4, 5, 6, 7, 8, 9, and 10, yields a resultant 0 to 10 with a phase change 
of 180 deg, because the secondary radiation center Si is \/2 farther from 
R than the secondary center So. The resultant 0 to 10 must then be the 
total field at R due to A;/2, 7.e., half of the first Fresnel zonal area. 
By dividing the second zone, for instance, into four sections, we find the 
geometrical additions of vectors 11, 12, 18, and 14. The length 10 to 
14 is then the field contribution of the second half Fresnel zone due to 
the area A,/2, and the vector length 0 to 14 must be the total field due 
to the zonal area 14(A; + A2). The consecutive vectors form a half 
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Cornu spiral, where O denotes the origin. The secondary radiation - 
centers So, Si, Se, . . . of Fig. 310 can now be any distance rp + Ar from 
the reception center R and within any particular Fresnel zone, since a 
straight edge (an obstruction) may partially cover such zones (Fig. 306b). 
A harmonic field effect of sin wt variation at the secondary radiation 


Primary 
wave front 


center So of Fig. 310, for a wave- 
front element dl at the ee where So 
is located, causes at R an effect that 


i Lf ; or f a 
* oe Peppmaal so proportional to sin (wt —ro) dl 
Primary 7 center) The secondary center S; adds an 
Posi as effect proportional to sin [wt — B(ro 
+ Ar)]dl. In each case, we also 

Fie. 310. Advancing primary wave front 


against a sharp-edged obstruction. dl is 
an infinitesimal length of the wave front. 


have to multiply by a factor that ex- 
presses the inverse distance law 1/7» 


and 1/(ro + Ar), for which 79 > 1. 
The total field effect due to the entire operating wave front (wave front 


above the obstruction in Fig. 310) is proportional to ui ; sin [wt — 


B(ro + Ar) dl. The field energy is proportional to the square of the 

respective amplitudes of the components along rectangular coordinates, 
: l 2 prise 2 

that is, k Lf cos (BAr) dul + lf sin (BAr) dt | - If the length / 

along the wave front refers to arc SoS: and! < das well as « ro, we have 

I essentially linear and Ar = /?(d + ro) /(2rod). 


We then find the common argument 6 Ar of the variable functions under the 
integrals as 


Qr (d + ro)l? (d+ro)l? = 
Ar = — = = = = 2 
ee <. 2rod Tey iirend 2° et 
for 
2(d + ro) 
= 1 ee 
8 od (895e) 
Hence, 
rod Tord 
l = = ee 
* NOG 4 10)’ abe eae (895/) 
and 
: rodd : 1 ; : 1 ; 
] = k ——_~ = in { — 
Field power Bri.) || cos (; ~*) | _ | sin 5 ws? } ds } 


rodd 
= ar 2 2 
ad +r (Geet 7?) (895g) 
where z and y are the Fresnel integrals defined by (895) with values as given in Table 


67. It is, therefore, possible to use the Cornu spiral for interpreting the case illus- 
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trated in Fig. 305. This figure applies, for instance, if radio waves pass across wedge- 
shaped mountain ridges. Relation (895g) then gives the expression for the field 
energy at the reception point Ro of Fig. 310. We have ignored the actual boundary 
conditions at the straight-edge obstacle, since we assume that the obstacle does not 
perturb the arriving wave front owing to reflections. We then find the Cornu spiral 
application of Fig. 311 for two wave obstacles, for which only the primary wave front 
corresponding to 1, + lz is exposed at an aperture. Formulas (895f) then give the 
corresponding s values, where s is the distance along the spiral, while x and y of 


Primar 
wave front Obstacle 


Ujtls is 
exposed in the 
opening 7 
pox (o<tae 
Primary 4 Koy 
radiation Assutnes that this 
center wave front 1s the 
J7 Salme as In, ADSerIce 
Obstacle of obstacle 
Bu KRYESENn 


OEE 


Fie. 311. Cornu spiral method applied to an exposed undisturbed wave front. Tield 
power = k(x? + y?), since V/ x? + y?is a measure for the field amplitude. s1 is the distance 
along the lower spiral, and sz along the upper spiral. si and s2 represent the corresponding 
l; and l2 values. 


Table 67 give the corresponding coordinates. Since the square of 8x is proportional 
to the field energy, the hypotenuse &z must represent the corresponding amplitude. 


197. The Cornu Spiral Procedure for Sharp-wedge Diffraction. For 
an arriving spherical wave front S,SoS;,, we have results as given in Fig. 
312a. For the reception center Ro, only the upper semicircular Fresnel 
zones can be operative, since, below So, the arriving primary wave front 
cannot penetrate the space behind the wedge. If the wedge obstruction 
were not present, the straight length AB in Fig. 312b of the Cornu 
spiral would be equal to the resultant field amplitude. Hence, the lower 
half of the spiral cannot play a part, and.OB must denote the resultant 
field amplitude & at Ro. For all the other wave-front poles, such as S, 
and S;, we have the corresponding reception centers R, and Ry. Calling / 
the length of the arc S)S; and z the distance RoR», we find! = zd/(d + ro), 
because both z and / are small compared with d and rp. From s = 
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(b) 


Spirallength 8B, 
08 =5p, yelding, y 
values €, &o (1s straight connection BE, 


sy corresponding toa spiral length Se) 
a) 
1D) 


éd Us straight 
aistance DB) 


Sq 's Spiral length OD 


7) 


SP 22 


Geometrical shadow 
and partial diffraction 


Spy 

Tis primary radiation —_ So, Ss, Sd, Se, et» 
center; 7So =a; are secondary 

So Ro*To (a radiation centers 


edge 
obstruction 


Fie. 312. Construction of the field fluctuations due to diffraction in the unobstructed 
field region and the field decay in the geometrical shadow region behind the wedge. 


1 \/2(d + ro) /(rodd), as given in (895e), we find 


4 2d 
-? (er aN (895) 


which relation defines the relative position of reception center R, with 
respect to the Ro position for a corresponding pole S;, on the primary 
wave front. Therefore, we have located the point on the spiral by means 
of (895h), where s is the distance along the spiral from the origin O. 
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The quantity / represents the length along the wave front from the edge 
point So to pole Sy, and z is the location of the reception center R, with 
respect to Ro. For the reception center R.z, corresponding to pole S, on 
the primary arriving wave front, we deal with a pole that is covered by 
the obstruction, and not all Fresnel zones can be effective and, if so, only 
partially. Only the wave-front portion SoS;S, can be operative. But 
for the field point Ra, the corresponding pole S, represents the origin O 
of the Cornu spiral. The portion s, of the spiral, which is ineffective, 
is computed from (895h) by means of the z, value, which is the distance 
by which Ra, is below Ro. The closing vector & is then the resultant 
field at reception point R.. For S., we have a corresponding reception 
center R., which is still farther in the geometrical shadow region. We 
find then by means of z, in (895h) the distance s, along the spiral. The 
decay of & for still larger values of z in the geometrical shadow region is 
much more rapid than indicated (for the sake of clearness in Fig. 312) 
and without any oscillations, since the spiral shrinks with respect to 
point B, to which the vectorial closing radii refer. This explains, there- 
fore, the field diffracted into the geometrical shadow region of Fig. 312c. 
Now let us take a wavelet center Sj, which is the mid-surface point of the 
first spherical Fresnel zone, located in the unobstructed field region. This 
gives a value for s for the z value, indicated in Fig. 312a, by using formula 
(895h). This distance must be added now from O on the other portion 
of the spiral (beyond the inflection point 0). This yields the closing 
vector &, which is longer than any of the values discussed so far. For a 
wavelet center S, in the unobstructed zone, we have located a correspond- 
ing reception center Ra, for which the za value yields in (895h) an sq 
value. The closing vector from B gives the optimum maximum value 
4 = BD. For the spiral addition s., corresponding to receiving center 
R., we find the value &., which is the next minimum. We have, therefore, 
in the unobstructed radiation space, a diffraction pattern with maxima 
and minima. This means that we have values which are larger and 
smaller than would hold for the field in the absence of the wedge obstruc- 
tion. This is readily seen in Fig. 312c and explains in detail the case 
illustrated in Fig. 305. 

198. Electromagnetic Diffraction Due to Wedge-shaped Mountains 
for Short Waves. The optical diffraction case due to a straight-edge 
obstacle, as applied to electromagnetic wave propagation and illustrated 
in Fig. 305, has been partially borne out by experiment. We have then 
the resultant intensity curves on the far side of the wedge a distance ro 
away, as given in Fig. 313. This curve is the outcome of the Fresnel 
integrals and evaluated by means of the Cornu spiral. We must dis- 
tinguish between two diffraction regions, since the wave energy not only 
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diffracts into the geometrical shadow region behind the obstructing wedge 
but diffracts also into the unobstructed region above the XY plane. In 
the last section, we found that below the XY plane, the diffracted field 
falls off, according to the radius vector along a spiral, while above the 


ZY plane is 
the locus for 
the receptiorn 
centers 


Tonnes ad i: 
Primary 
radiation 
center 


Obstructing | 
sharp edge 

Za, @d, 2f are consecutive maximum field locations. 2%, Ze, 2, are consecutive minimum field 
locations. Y dimension is along sharp edge normal to paper. Complex field fluctuations 
(damped oscillating decay) due to diffraction in the unobstructed region above the X Y 
plane. Exponential field decay in the geometric shadow region (below the X Y plane) due 
to diffraction. §&r = 1 volt/mis assumed at reception center Ro, a distance (d + ro) m from 
the primary radiation center J in absence of the obstruction; 0 = 0.5 volt/m is the value in 
presence of the edge obstruction. 


re Nie — 1)dro(d + ro) 


2 ae for'’p = 1,253; 4;50ebe 
ay nae + ro) 
min = 
d 
Applications: 
Za = ) a V/1 Za = 2a; % = Np ue A = 1412, = /2 Za 


za = V3 Za; 2 = V4 zai 2¢ = V5 203% = V6zai.. 


Fig. 313. Formulas and field display for the sharp-edge diffraction. 


XY plane in the ZY reception plane, we have, at first, a rapid field 
increase until the first maximum value &, is obtained. Hereafter, with 
increasing elevation z, the resultant field decreases until at a certain 
elevation z, above the wedge, a distance ry away, a value & = 1 volt/m 
is reached, which would be the same in the absence of the obstruction. 
For still higher elevation z, the field decreases, until for a value z, with 
respect to the geometrical line-of-sight level, where reception center Ro 
is located, a minimum value & occurs, etc. The resultant field at recep- 
tion centers Ro, Ra, R., Rs, . . . , oscillates about the free-field intensity 
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existing in the absence of the obstructing wedge. After the value of the 
first maximum is reached, we have a complex field intensity display, 
resembling a damped wave train; 7.e., we have an exponential space 
- amplitude decay combined with an angular or phase shift variation. 
This is the reason why we lay out z’ values along the — Z axis and z values 
along the +Z axis. Both values employ the same scale. The formulas 
given in Fig. 313 apply only to the z values. By means of these formulas, 
the oscillating field distribution can be found by graphical interpolation 
if maximum and minimum points are located. According to the Cornu 
spiral, the value at the reception center Ro in the line of sight is not 1 
volt/m, but only 0.5 volt/m. This can be explained, since some of the 
wave energy is diverted through diffraction into the shadow as well as 
into the unobstructed region. 


According to experiments, horizontally polarized waves are diffracted more than 
vertically polarized waves if the edge of the wedge is also horizontal. This seems 
obvious, since ‘‘the rolling around the wedge” diffraction effect requires such a rela- 
tive orientation. Experiments bear out that diffraction decreases with an increase 
of the frequency. ‘This is also compatible with the theory. 

It is now of interest to find the height z with respect: to the line-of-sight level Ro, 
for maxima and minima, when ) is fixed and the horizontal spacing d + 7» changes 
and vice versa. We have the equation \ = 300/f meters, for f in megacycles per 
second, and find the evaluations of Table 68 for do = ro = 10,000 m, since, for p = 
1,2,3,--°, 


x 
| 


= 141.42 V/ (2 —1)r m for maxima 
fe \ (8951) 


z = 200 / pr m for minima 


For the first maxima and minima values, we have in Table 68, the values / 1Z. = 
Za and s/2 Za = % for p = 1 in (8957). For the second extreme values, we have 
fa = V/3 Baran se 4/4 Za. For the third maxima and minima values, we have 
p =38and 2p —1=5. Hence, z; = 141.42 ~/5 ~W/r = V5 Za and z, = 200 4/3 
= 141.42 +/ 6d = V/6 Za. The factors V/1, 4/2, V3, V/4, V/5, 1/6, Pak. Are 
characteristic of the Cornu spiral as well as the Fresnel zones. The results of Table 68 
are plotted in Fig. 314. Three groups of z curves are plotted. One group refers 
to the A and B scales, for the frequency range from 1 to 150 Mc/see. The second 
group brings out details in the 100 to 1,500-Mc/sec range, using C and D scales. 
The third group belongs to the range of 1,000 to 10,000 Me/sec, with # and F scales. 
In each group, the solid curves refer to maximum values and the dash curves to 
minimum values. All curves show that for longer waves (lower frequencies), diffrac- 
tion becomes more pronounced. For instance, at 1 Mc/sec, the first maximum distance 
is at a distance za = 2,440 m above the geometrical shadow level; while at 10 Mc/sec, 
2a is only 770 m; and at 30,000 Mc/sec, we have 2a only 14.1 m above the line-of-sight 
level. It can also be seen that the distance between consecutive maxima as well as 
between consecutive minima is not fixed. For instance, at 1,000 Mc/sec, we have 
Za — 2, = 183 — 77 = 56 m and 2; — zq = 172.5 — 183 = 39.5 m. We have 
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zy — @q = 2.242. — 1.732. = (5 = V/3)za and 2g — Z = (V/3 _ VJ 1)z0 For- 
mulas (8957) were obtained by putting d = ro = 10,000 m in the expressions of Fig. 
313. These expressions likewise show that diffraction increases as the operating 
wavelength } is increased, because then the z values for maxima and minima move 
such reception centers more above the geometrical shadow region. Since, in the 
formulas of Fig. 313, the ratio ro(d + ro)/d under the square root also determines 


TaBLe 68. DirrracTtion Maxima anp MINIMA 


ann, 
; : Second maximum | Third maximum 
First maximum and ewe =e 
6 and minimum and minimum 
minimum p = 1 
p=2 p= 
/r f, A, m 
Me/sec| ” me 
Za = es a= Za = os! Zr = 2g = 
141.42 ~/), |1.41422.,| 1.7320, He 2.242, | 2.452a, 
m m m m m 
IV BY 1/300 2,440 3 464 4,225 4,880- | 5,480 6,000 
5.48 10} 30 770 1.085 1,330 1,540 IAs 1,884 
3.46 25) 12 490 690 847 980 1,100 1,200 
2.45 50}. 6 345 485 597 690 is 845 
2.00 75| 4 282 397 488 564 631 690 
1.738 100} 3 244 345 423 488 547 600 
1 GPS 200) 183 258 316 366 410 449 
1.000 300} 1.0 141 200 245 282 316 346 
0.866 400} 0.75 122 172 PHI 244 273 299 
0.774 500} 0.6 109.5 154 189 DLP 245 268 
0.707 600! 0.5 99.9 141 173 200 224 245 
0.632 750) 0.4 89.1 126 154 178.2 200 219 
0.548] 1,000) 0.3 77 108.5 133 154 17225 188.4 
ON447, |, 500) 022 63 | 89. 108.8 126 141 154 
0.316) 3,000)" 0.1 44.6 63 ids 89.2 100 109.8 
0.245} 5,000} 0.06 34.5 48.5 59.7 69 T.38 84.5 
0.173 | 10,000} 0.03) - 24.4 34 5 42.3 48.8 54.7 60 
0.100 | 30,000; 0.01 14.1 20. 24.5 28.2 310 34.6 


Remarks: For d = ro = 10 km and diffractions into the unobstructed space above the geometric 
line-of-sight plane XY of Fig. 313. 2™) = 141.42 ~/(2p — Ia; 2™ = 200 \/pa; V/ (2p — Da for 
maxima, A/ ph for minima p = 1, 2,3, :-: - 


partially the value of z, we note that for a fixed d + ro value, the z value increases as 
the ratio ro/d increases. 


199. Notes on the Numerical Evaluation of the Resultant Field Dif- 
fracted into the Geometrical Shadow as Well as into the Unobstructed 
Region behind Wedge-shaped Mountains. It is now of interest to find 
the resultant field anywhere behind the wedge of Figs. 313 and 314 and 
for reception centers above as well as below the geometrical line-of-sight 
plane. Figure 315 gives the Cornu spiral, where s is the distance along 
the spiral from the origin and the same unit is used for the x and y scales. 
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As we know, the quantities x and y define any point on the spiral and 
+/x? + y? denotes the amplitude. Equation (895h) connects the value 
of the level of a reception center with respect to the level of the geometrical 
line-of-sight plane 7’SoRo, where T is the primary radiation center (actual 
radiation center), S) the corresponding wavelet center just touching the 
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Fig. 314. Curves for significant values for diffraction effects due to a sharp-wedge obstruc- 
tion. 


edge of the obstructing wedge, and Rp the reference reception center a 
distance ro along the line of sight. In Eq. (895h) and Fig. 315, the 
quantity J is the curved length along the primary wave front, while z is 
the corresponding relative altitude in the vertical plane of reception 
centers. The two quantities become numerically equal if plane waves 
arrive at the wedge, since then d is very large (theoretically infinite) and 
d+ ro =d, so that 2(d + ro)/(drod) & 2d/(drod) = 2/(rod) and | = 
Without restricting ourselves to plane waves, we have 
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; x [(ro + d)rod} 

which, for our numerical case d = ro = 10,000 m, yields 

alls 021 10. Olz 

ea mae ter (8957) 


For an exciter frequency f = 300 Mc/sec, we have \ = 39% 9 = 1m 
and s = 0.021 = 0.01lz meters. The quantity z is used in the Cornu 
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s,l, z, d, ro, and Xin meters. 6 is free-field amplitude in volts/m when no obstructing wedge 


ispresent. OB = & = / x? +y? = 4/0.52 + 0.5? = 0.7071 corresponding to 50% of the 
free-field intensity in absence of a wedge. 


Fig. 315. Procedure of using the Cornu spiral for determining the effect of exposed 
primary wave fronts. ; 


spiral procedure as well as in Table 67. Inasmuch as the s scale as well 
as the x and y scales use the same units in Fig. 315, it is only necessary 
to multiply the same arbitrary unit by the factor 0.01z/~/X or by 0.021/ 
in order to meet the actual dimensions. We multiply then by 2/100 for 
waves that are 1 mlong. The resultant field at Ro corresponds to a dis- 
tance s = 0, since z = 0. Since half of the arriving primary wave front 
is below the wedge, it cannot contribute wavelets. Hence, OB in Fig. 
315 represents the amplitude of the resultant field at Ro, because O is 
the operating point for s = 0 and B is the theoretical limit of the spiral. 
The total amplitude is, therefore, ~/x? + y? or equal to the hypotenuse 
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OB, with projections x = 0.5 = y. This makes the resultant propor- 
tional to +/0.5? + 0.52 = 0.7071. If the wedge were absent, we should 
also have to add the field OA, yielding a total field that is proportional 
_to 2 X 0.7071 = 1.4142. In Fig. 316, if we make the ordinate 0.5 equal 
to OB, 7.e., 0.7071s units, we have the field at the reception center Rp. 
For points in the geometrical shadow region (below the line-of-sight 
plane T’SoRo), we proceed as follows: We have then z2 as the various levels, 


ae loke = 1 m corresponds to 
f = 300 M 
ay = 0.25 corresponds to c/sec 
= 1,2 
'o=/Oktn tir 209 


freld intensity at distance 
d+ro=20km from actua/ 
radiation center for 

to obstruction 
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d and ro scales 


; , peers For 21 in meters, s1 = 0.012: for 
Field decay !7 + fa. A =1m; 8: = 0.02z for \ = 0.25m 

Sree an ee on f H = 25 cm. s: must be subtracted 
from total length of indicated half 


le Pe spiral and resultant radius vector 
y Q BR, the amplitude of field at recep- 
2 meters tion center R1. 


Fig. 316. Conditions for the diffraction effects into the geometrical shadow region in the 
ease of a wedge-shaped obstruction. 


because it is below the 7’Ry plane. For 2; = 10 m, according to (895y), 
and \ = 1m, we find s; = 0.0lz: = 0.1m. Subtracting s = 0.1 m from 
the upper right spiral length, we find the spiral point Ri and the total 
field contribution at Ri as RiB = &1= V2?+y’. Table 67 gives, 
for s; = 0.1 corresponding to reception center Ri, the values x; = 0.1 
and y; = 0.0005, while B has the coordinates rg = 0.5 and ys = 0.5. 
The total x and y coordinates are, therefore, x = rz — 21 = 0.5 — 0.1 
= 0.4 andy = yz — y:1 = 0.5 — 0.0005 = 0.4995. We have then 0.1 = 
/0.42 + 0.4995? = +/0.4095 = 0.6039 in comparison with 0.7071 as 
for reception center Ro. For 2: = 20, 30, 40, 50, - - - m, we find from 
(8957) and Table 67, for \ = 1m, the valuess = 0.2, 0.3, 0.4,0.5, - + -m. 
For s = s; = 0.5m, Table 67 yields 71 = 0.4923, y1 = 0.0647, x = xe — 
a1 = 0.5 — 0.4923 = 0.0077, y = ys — yi = 0.5 — 0.0647 = 0.4353, and 
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0.58 = 0.0077? + 0.4353? = 0.4354. This is the length of the radius 
vector BR; in Fig. 315. For z: = 100 m, we find s = s; = 0.01 X 100 
= 1 m with coordinates x; = 0.7799 and yi = 0.4383 and x = 0.5 — 
0.7799 = —0.2799 and y = 0.5 — 0.4343 = 0.0657, yielding 6109 = 
~/ (—0.2799)? + 0.0657? = 0.2876. 

200. Numerical Application of the Cornu Spiral Method to Diffrac- 
tion into the Geometrical Shadow Zone. From Sec. 199, we note that 
the numerical application of this procedure is exactly the same for all 2; 
levels below the line-of-sight plane TR, (Figs. 315 and 316). The 
method, based on ascertaining the Fresnel coordinates x and y, can be 
avoided when we scale off directly the various vectors, such as OR, 
OR,, ORY, . .. , where R1, Rj, Ri’, ... are obtained by means of 
formula (8957). For the particular application for which f = 300 Me/see, 
we have \ = 39%o9 = 1 m and s; = 0.01zi. The various reception 
centers then correspond to levels of 2: meters below the line-of-sight 
reception point Ro. Figure 316 gives the curve for the relative resultant 
fields for a distance ro = 10 km from the obstructing wedge. The 
decrease in the resultant field is rapid, since the z; scale is in meters 
while the 7) distanceis in kilometers. To obtain a feeling of the diffraction, 
let us find the value of the amplitude &, when it is only 50 per cent of the 
optimum value &) at Ro. This happens for \ = 1 m fora level z; & 80m 
below the line-of-sight plane. This corresponds, therefore, to a drop of 
80 X 10-* km at a horizontal range of ro = 10 km or an angle 6 = 
tan! (0.08/10) deg, which is somewhat smaller than 0.5 deg. At this 
angle of diffraction, the field energy would have dropped to 25 per cent. 
Let us now see what the effect of the frequency is for the same field energy 
decrease of 75 per cent with respect to the value at Ro. For f = 1,200 
Mc/sec, or 4 X 300 Mc/sec, we have a free-space wavelength only one- 
fourth as long and (8957) gives, for the geometrical shadow region, s; = 
0.012:/+/0.25 = 0.0121 V/4 = 0.02z:. From this result, we note that 
a much more rapid decay takes place. The dash curve of Fig. 316 
shows that the half-amplitude reception (quarter-power reception) 
occurs now at about 2: = 37.5 m below the line-of-sight plane, 
corresponding to a diffraction angle 6 = tan~! (37.5 X 10-%/10) = 
tan—! (0.0037), which is somewhat less than 0.2 deg. This shows again 
that as the operating frequency is increased, the diffraction becomes less 
significant. 

201. Numerical Application of the Cornu Spiral Method to Diffrac- 
tion into the Unobstructed Region above the Geometrical Shadow Zone. 
Taking up this case for a 300-Me excitation corresponding to \ = 1 m, 
we find s = s. = 0.01z: in Fig. 315, because we deal with conditions 
above the 7'SoRo line. Only the reception center Ro corresponds to 
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Fig. 317. Diffraction display details beyond a wedge obstruction applied to 300- and 
1,200-Mc waves. As point Rz moves along the lower spiral, the corresponding radius 
vector BR:2, expressing the magnitude of the field, grows at first to a maximum value &a, 
decreases again to a minimum value &», increases again to a smaller maximum value &g, etc. 
S2 is added from origin Ro along the left lower spiral half and closing radius vector BRo. 
Se = 0.01z: for z2in meters, and \ = 1m (f = 300 Me/sec);d =ro = 10km. Aand Bare 
ultimate terminations of respective spirals occurring for x = y = 0.5. For such extreme 
spiral points the amplitude of the total field illumination becomes 2&0, 7.e., equal to the 
unobstructed field intensity (obstruction absent). 
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half of the primary wave front. The length RB, closing the half spiral, 
then represents the field amplitude at Ro. But for points such as Ry 
in Fig. 315, the inscribed formula, giving s in terms of z, yields s = se 
= 0.01lz2, for d = 7» = 10 km and X= 1m. The value sz = 0.012, is 
then to be added to the right half spiral along the left spiral. The con- 
struction is then as shown in Fig. 317, since the secondary radiation 
center Sz, on the primary wave front will now give several complete 
Fresnel zones, except for the very outer zones. Inasmuch as the vector 
BR, for the spiral point R2, moving along the lower spiral, oscillates in 
length, we obtain the indicated field distribution with maxima and 
minima. The construction of the pattern is then. as follows: For the 
reception center Ro, we have, as in Fig. 316, the value &, since the pole 
of the Fresnel zones coincides with the secondary radiation center So 
and only half of the wave front can contribute to the field at Ry. At the 
reception center R2, we have the field amplitude BR2 = &).s, since the 
curve Ro: = se = 0.5 must be added in order to account for the addi- 
tional field contribution at the reception center Rs, which is 50 m above 
the line-of-sight plane. This is obvious if we realize that for \ = 1 m 
or f = 300 Mc/sec, we have sz = 0.01z2 and z. = 100s. = 100 X 0.5 = 
50 m. Any other point on the Cornu spiral, such as Rj, gives a spiral 
length sz = 0.9 from the origin Ry and corresponds to a reception center 
R, a distance z2 = 100s. = 100 X 0.9 = 90 m above the reception point 
Ro and 10 km behind the wedge that causes the diffraction. The vector 
BR, on the Cornu spiral then yields the corresponding field amplitude 
&0.9. This amplitude is scaled off as ordinate at the z2 = 90 m distance 
from Ro. Hence, any point on the spiral, such as 1.5, represents a level 
1.5 X 100 = 150 m above the line-of-sight altitude. Maximum field 
values occur whenever BR, becomes a maximum. This happens when 
circles about B as a center just touch the outer contours of consecutive 
convolutions, giving the extreme field values &, 84, ... , corresponding 
to reception centers Ry, R}Y, .... For the circles just touching the 
consecutive inner convolutions, we find the minimum field amplitudes 
&, &, . .. , corresponding to reception centers Ry’, RY,.... Free 
field values 28 occur whenever the circle with 28 about B, i.e., the circle 
with a radius BA about center B, intersects spiral points. The point 
Ry" is such a point, corresponding to an added spiral length s. = 0.78, 
which is a relative altitude z, = 78 m above the line-of-sight plane. 
The entire construction of Fig. 317 is then self-evident. The dash 
field curves hold for f = 1,200 Me/sec, showing less diffraction into the 
unobstructed as well as into the geometrical shadow regions. 
202. Notes on Experimental Confirmation of Fresnel Diffraction 
Effects of Mountain Ridges. Knife-edge diffraction is based strictly. 
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on optical evidence.. For short-wave radio propagation, it is not exactly 
an easy matter to separate atmospheric refraction, reflection from ground, 
and other obstructions and diffractions, as discussed in this chapter. 
However, H. Selvidge! has described diffraction measurements based on 
field runs along a path B obstructed by a mountain ridge and an unob- 
structed path A, as is indicated in Fig. 318. The obstructed path was 
formed by a long Boge of blunt knife-edge shape, which is 437 ft high for 
a length of about 14 mile. Figure 318 gives the geographical layout of 
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Fig. 318, Conditions and geographical layout of experiments by H. Selvidge with a nat- 
ural knife-edge mountain ridge near Bar Harbor, Maine. 
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the experiments, in comparison with the profile of the computed field 
pattern for the first diffraction maxima and frequencies of 55, 110, and 
220 Mc/sec. The line-of-sight path is about 19.7 km from the primary 
radiation center. The first maximum pattern for a particular frequency 
f in megacycles per second is found by first computing \ = 300/f meters, 
then 2a, 2.€., 2max, for p = 1 in the maximum relation of Fig. 318, for 
different 7) values, with d and ) fixed. Figure 319 gives the experimental 
curves indicating a fair confirmation of the optical diffraction pattern, 
except that in the deep shadow region, decided humps occur. These 
humps cannot be explained by the Cornu spiral method. (It must be 
realized that we assume in our theory that the wave front is not perturbed, 
owing to the electromagnetic effects of the mountain ridge.) Inasmuch 
as the indicated diffraction patterns are, for the path B, picked up on a 
small surface vessel, we have at least some experimental evidence for 
reception over sea water. It is seen that in the deep shadow region, the 


1 Proc. IRE, 29, 10, January, 1941. 
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horizontal polarized signal happens to be stronger. More experimental 
data on such diffractions seem, therefore, worth-while contributions. 
203. Notes on the Kirchhoff Diffraction Theory. This theory tacitly 
assumes that at a diffraction screen, the arriving wave is stopped while, at 
the apertures, the field penetrates through the openings in the same way 
as though the screen were not present. This is indeed a very broad assump- 
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Fie. 319. Experimental curves for the layout of Fig. 317. 


tion in the case of radio waves, where we have to meet the boundary 
conditions of two fields, the electric § and magnetic H fields. The theory, 
therefore, assumes that at the inner surface of the screen, the wave func- 
tion w = 0 and dw /dn= 0. This means that we have a discontinuity 
over the contour of the aperture. This conflicts with Green’s theorem, 
which applies only to continuous functions. The Huygens wavelet 
principle is expressed by the universal differential equation 


Ow _ (ee 0’w , dw 


ay? + 2) for Cartesian coordinates 


where v denotes the velocity of propagation, w is the wave disturbance 
at any instant ¢ of a space point P of coordinates x, y,andz. The treat- 
ment is surely not electromagnetic since it is irrespective of such field 
associations as 6 and H. We need a solution that is more rigorous. 
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The Kirchhoff solution is then based on the condition of Fig. 320, where 
T denotes the primary radiation 
center of the wave disturbance, om BAe B 
which is at any instant 


W ial 
w= P eos o( = “| 
Vian v T 


where W is the amplitude at unit 
distance from 7. If Py is a field 
point within an arbitrary closed sur- 
face S, which excludes the source T, A 

we have, for the differentiations /dr Fie. 320. The diffracted beam PPo due 
and d/dn along r and the normal n, °° ®” pea cutaaty beam TP, 

by means of Green’s theorem, at field point Po, 


Baia oli 4 4 
co 4. —<— 
7 r 
on cos (nr) 
-4a[u(-3)I d8 
r 


w= W ff X cos[o(:-t+%)], Ve 
Wie v f 
1 


K 


yt 


= 
> 
D 


Qu 


Sa 


(896) 


I 


[cos (nr) — cos (nri)] 


The quantity K denotes the inclination factor. If a diffracting screen 
A’B’ is located as in Fig. 320, the wave disturbance at any point of the 
closed surface S will no longer be known. But if a screen AB forms part 
of the closed surface, with an opening ab, we need only to integrate over - 
that portion of S which coincides with the aperture ab, because for the 
rest of the surface, the integral becomes zero. Assuming the dimensions 
of the aperture ab small compared with r and ri, the cosines of (896) are 
essentially constant over the opening ab, and we have 


Wo = mer, [cos (nr) — cos (nri)] (ma sin E ( = rtm) dS (896a) 


To find dwo, due to a wave-front element, we use an element dS normal 
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to rr; and have cos (nr1) = 1. Since cos (rn) = cos 6, we find 


; Ww 
dw) = A(1 + cos @) sin E (: ane a "| dS; A= Dee (896b) 


Forward gneec! 
Therefore, each small portion of the primary wave front acts as a second- 
ary source emitting a Huygens wavelet with amplitude A, which is pro- 
portional to (1 + cos 6). The maximum amplitude.is then Am = 2A for 
6 = 0. Along the direction of the primary wave and for any angle 6, 
we have 


p= ee = 0.5(1 + cos 0) = cos? (5) (896c) 
proving that no straight backward radiation is possible (Fig. 321). Later 
on, we shall find that electromagnetically, 
t the radiation intensity of a Huygens 
\ source is k(1 + cos 6)?, if k = 20/8\? and 
| Zo = Vp/k & 376.7 ohms for air as a wave 
medium. Such a source is then due to an 
association of an electric current element 
of moment 1 m:amp and of a magnetic 
current element of moment 1 m- volt. 
These moments act at right angles to each 
other. The result of (896c) is then an im- 
provement over the original Huygens prin- 
ciple, since the Huygens wavelet concept 
Fie. 321. The Huygens-Kirch- fails to explain why radiation does not pro- 
ated ete Cali the ceed straight backward through an aper- 
cron Erol mee’™ ture. The Kirchhoff theory gives, there- 
fore, a means of computing the inclination 
factor K of (896) when a diffracting screen is used between the primary 
source and the pickup center. The neglect of electromagnetic effects 
due to the material of the obstructing medium is, no doubt, a great 
‘objection to the Kirchhoff theory and Voigt’s simplified Kirchhoff 
theory. In optics, such assumptions as w and dw/dn both zero, at all 
points of the screen that faces the primary source, seem to be justified, 
since the wavelengths of light with respect to the largest dimension of 
the aperture in a screen are always exceedingly small and essentially the 
entire wave energy arriving at an aperture passes through the aperture 
unperturbed. This is not the case even for the shortest commercial 
electromagnetic waves, besides the fact that we have to consider the 
type of polarization. 
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204. Notes on the Sommerfeld Diffraction Theory. A. Sommerfeld! 
has rigorously solved the case of diffraction of waves by a straight edge, 
using a contour integral representation. P.M. Morse and P. Rubenstein 
applied a similar solution for diffraction through a slit or by a ribbon 
by separating the wave equation into elliptic cylinder coordinates. The 
values of the resulting Mathieu function solutions are then computed 
as originally suggested by Sieger. The original theory by Sommerfeld 
also applies to the case where the angle of diffraction is large, i.e., when 
the reception center lies in the deep geometrical shadow region. In the 
Sommerfeld theory, Maxwell’s equations are taken into account. The 
diffracting screen is assumed infinitely conducting, having either an ideal 
wedge form of a given angle or a perfect metal reflector that is infinitely 
thin. We then deal with ideal cases of a single straight edge, with the 
radiation source at infinity, for the case when the electric vector is either 
parallel or perpendicular to the diffracting edge. The case of the single- 
slit opening is treated by K. Schwarzschild. In the Sommerfeld theory, 
we have 


1 0?w Ow , Ow , dw f fi 

Pop 7 (2 oF ae a) the universal wave equation 
which must satisfy certain boundary conditions of the diffracting screen. 
For simplicity’s sake, let us assume that the wave disturbance w cannot 


depend on the Z coordinate, so that the above expression simplifies to 


0?w Laie (S 4 =) (897) 


at? da? * ay? 


This happens to be the case when the radiating source is infinitely long 
and parallel with the Z axis, which axis also forms the sharp edge of the 
ideally reflecting screen (perfect conductors). The X axis is then the 
positive side of the screen and in the plane of the screen. The boundary 
condition for such a screen is then w = 0 if the arriving electromagnetic 
wave is polarized in a plane perpendicular to the edge of the screen. 
We then have & in place of w oscillating parallel with the edge of the 
screen. The boundary condition can also be such that dw/dy = 0. 
This means that the arriving primary wave front is polarized parallel to 
the edge of the screen. In this case, the magnetic H vector oscillates 


1SommMERFELD, A., Math. Ann., 41, 317 (1896). RreEMANN-WeEBER, Diff. Gl. 
_ Phys., 2, 433 (1927) (by Sommerfeld). GrrcEr and ScuHEEL, Handb. Phys., 20, 266. 
Consult also SomMERFELD, Zeit. fur Math. Phys., 46, 11 (1911). Scuwanrzscuip, 
Math. Ann., 55, 177 (1902). Morss, P. M., and Praru J. RvuBENSTEIN, Phys. Rev., 
54, 895 (1938). Srecur, Ann. Physik, 27, 626 (1908). ScHwarzscuHiLp, K., Math. 
Ann., 65, 177 (1902). 
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parallel with the edge. Both field associations 6 and H are now taken 
into account, and the boundary conditions must satisfy the surface of 
the screen. This means that at points x > 0 and y = 0. 


For polar coordinates z =r cos ¢ and y = r sin g, we then find the correspond- 


ing differential equation 
dw 0?w 1 dw 1 0?w 
i ze oe . 8974 
i & + PEP as ja = ( ) 


where, according to whether w = 0 or dw/dy = 0 boundary conditions, we deal with 
either § or H values, instead of w. If the radiator is at infinity and the incident beam 
makes an angle y with the X axis, we find for 


2 
a = Br cos (¢ — y); b = Br cos (9 + W); p=> 


a= [¥en] tee - 9]; cm - fF an[ Lieto 


the wave function w as 


d aps e = 23 
w= 4 + 7) Wert (< | € 2 ds — i € # iv) 


d aie g = ee (8976) 
w= (1 + 7) WMieit | «74 e *ds+e% «.2.ds 


Inasmuch as w is complex, we can write 


(Wi ae 7W 2) 67% — (W, = 7W2) cos wt + (Wi + 7W2) sin wt 


real part 


= Wi cos wt — W2 sin wt + 7(W2 cos wt + Wi sin at) 


Ww 


It is only the real part that counts, giving a resultant amplitude ~/ W? + W? and a 
corresponding power coefficient W; + W3. This is obvious from (897b), since — 


fei?-57*? ds = f cos (0.578?) ds + jf sin (0.57s?) ds 
= one Fresnel integral + j(other Fresnel integral) (898) 


The Cornu spiral method can, therefore, be applied to find the amplitude factor 
V/ x? + y? and the factor x? + y? to which the power is proportional. 


205. Proof That Eq. (897a) Satisfies Maxwell’s Theory. The deriva- 
tions of (897a) and (897b) as well as of the simplified expression (897) 
are based on the orientation of Fig. 322. The perfectly conducting 
screen is in the ZX plane of Fig. 322a, and the boundary condition requires 


that &, = 0 = & at y = 0 and z > O, since the tangential electric field. 


along a perfect conductor (screen) must vanish. When the arriving 
wave is polarized with its § vector parallel with the edge (parallel with 


( 
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the Z axis), we have no &, and &, components of the electric field. For 
plane electromagnetic waves, we have H, = 0, since the associated mag- 
netic vector must be normal to the Z edge. However, when the arriving 
plane wave is polarized perpendicular to the Z straight edge, we have 
& = H, = H, =0. For either case, we then have conditions as brought 
out in Table 69. The final result of this table shows that Maxwell’s 
equations with the correct boundary conditions for respective selected 
& polarizations, relative to the Z edge of the perfectly conducting screen, 
satisfy the general wave equation 
(897a). In Eq. (VII) of this table, f 
we must satisfy the respective Z ,fdge of screen Vd 
boundary conditions w=0 or \ 
dw/de = 0 at the surface of the X% KKK 
screen. This caused Sommerfeld to 
assume a mathematical space con- 
taining a virtual image source. a ve (b) 
The trace of the actual radiator in } is thet polar’ inble of 
the XY plane is then a point T for wave normal of range 
which the linear radiator is at first aie! AEM persue 
assumed in finite location and a the upper half plane. 
symmetrical parallel image radi- 210882. For the proof at te eur 
ator with respect to the X axis.  well’s equations. 
The diffracting edge is then assumed 
as a line in a Riemann space. If we limit ourselves to the XY plane 
only, we deal with a double-leaf Riemann surface, with branch points 
zero and infinity, using the positive X axis as a separation line. This 
gives, for the actual radiator at infinity, the solution (VII) of Table 69 as 
w(r, ¢, ¥) = exp [j8r cos (py — y)]. This is the procedure employed in the 
classic Sommerfeldian theory, leading to the result expressed in (897b). 
206. Cornu Spiral for the Case of Diffraction of Electromagnetic 
Waves around the Earth Surface. As early as 1918, G. N. Watson! 


* Warson, G. N., The Diffraction of Electric Waves by the Earth, Proc. Roy. Soc. 
(London), A, 95, 83-89, October, 1918; 546-563, July, 1919. Loves, A. E. H., Phil. 
Trans. Roy. Soc., 225, A, 105-131 (1915). Epsrern, P. 8., Nat. Acad. Sci., U.S. 21, 
62 (1930). Van pErR Pot, B., and H. Bremmer, The Diffraction of Electromagnetic 
Waves from an Electric Point Source round a Finitely Conducting Sphere, with 
Applications to Radiotelegraphy and the Theory of the Rainbow, Phil. M ag., Ser. 7, 
24, 141-175, July, 1937; 825-864, November supplement, 1937; 27, 261-275, March, 
1939. Wwepensky, B., The Diffraction Propagation of Radio Waves, Tech. Phys. 
(USSR), 2, (6) 624-639 (1935); 3 (11) 915-925 (1936); 4 (8) 579-591 (1937). Ecxmr- 
suey, T. L., and G. Minurneron, Application of the Phase Integral Method to the 
Analysis of the Diffraction and Refraction of Wireless Waves round the Earth, Phil. 
Trans. Roy. Soc (London), 237, 273-209, June, 1938. Ecxrrsiey, T.L., Ultra-short- 
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started the present diffraction theory around spherical earth. Watson’s 
original paper assumed an infinite conductivity. Van der Pol and 
Bremmer, who gave about the most rigorous solution, treat the cases of 
perfectly conducting spherical earth and strongly absorbing (dielectric) 
earth. For the first case, ¢ = » mhos per meter; and for the second 
case, the relative equivalent dielectric constant «, = x, — j1.8 X 104(¢/f) 
of the earth crust, with f in megacycles per second, is taken into account. 
The value is taken large, which happens for long radio waves over ocean 
surface. C. R. Burrows and M. C. Gray give curves for any values of 
«, for which the expression 


= 26 AF .GiG2 volts/m (899) 


is employed. The quantity &) denotes the free-space field in volts per 
meter, 7.¢., 28 field for vertical polarization over perfect ground, ¢ = ~; 
A, is the plane earth attenuation factor; Ff, the shadow factor; and Gi 
and G2 are height factors. If both antennas are on ground, we have 
Gy ae 1 = Go. 

The rigorous solution for a given frequency is based on Maxwell’s 
equations satisfying the boundary conditions at the surface of the earth. 
The solution leads to an infinite series of spherical harmonics with coeffi- 
cients, containing 12 Bessel functions. For microscopic and submicro- 
scopic spheres (particles), the series converges rae so that a few 
terms yield a good approximation. 

It is the dimension of the obstacle to wave oiSpavattoll with respect 
to the wavelength that counts in electromagnetic diffraction. For a 
radius R of the sphere, the ratio 6.28R/X determines the number of terms. 
For electromagnetic waves, we have then ratios anywhere from 10* to 
108, with a corresponding slow convergence of the series. As far back 
as 1915, A. E. H. Love found a solution of the series for a ratio 6.28R/d = 
8,000, while the Watson solution transforms the series at first by contour 
integration into a more rapidly converging series. T. L. Eckersley used 


the phase integral method while P. 8. Epstein applied Huygens’ principle — 


in order to simplify the solution. It is the work of Van der Pol and 
Bremmer that extended the Watson treatment beyond the optical horizon, 
v.e., into the geometrical shadow region, leading to the shadow factor. 


wave Refraction and Diffraction, Jour. [HE (London), 80, 286-304, March, 1937. 
Mruuineton, G., The Diffraction of Wireless Waves round the Earth, Phil. Mag., 
Ser. 7, 27, 517-542, May, 19389. Gray, M. C., The Diffraction and Refraction of a 


Horizontally Polarized Electromagnetic Wave over Spherical Earth, Phil. Mag., Ser. © 
7, 27, 421-436, April, 1939. Burrows, C. R., and M. C. Gray, The Effect of the — 
Earth’s Curvature on Ground Wave Propagation, Proc. IRE, 29, 16-24, January, — 


1941. 
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TasBLe 69. Proor Tuar (897a) SatisFies THE BOUNDARY CONDITIONS 


General electromagnetic 
field relations 


Electric vector of arriving 
wave vibrates parallel with 
Z edge of a perfectly 
conducting screen 
(& = & = H, =0) 


Electric vector is normal 
to Z edge 
& = H, = H, =0 


Substituting the values 
0H,/dy and oOH,/dzx of 
(la) and (IIb) in (VI) 
vields, after multiplying 
by jepo, 


078, 078, 

ax? “ay? = —wpoko&z 
or 

O75; O7&: 2: nO 

ea =F aye + §627> 


(VIa) 


06,0 6, ‘ a8. dy 
-—- CU ll Je l= = ie I —- —_ = 
ay a jou a jou (I) s 
O82 0&2 ; 0s 0&2 
a jouH , a jouHy (II) 7 
Ba) f O82 nF Oy 8s : 
— — — = —jwpH; o= — — — = —jopH, (II 
ox oy aoe 0 ax ay Jou. (III) 
Os Of, OH, oH, ; 
eee ss = Y Ss = —— = a ( &z I 
ay a (¢ + jox) Fe 0 ay (o + jw) (IV) 
Oia 0H, ; oH, z : 
a (¢ + Jox)&y ae 0 ot eae (¢ + jux)&y (V) 
dH, oH é dH, oH, ‘ 
——- — —_ = a & |0 =0 
Ox oy ae) Ox Oy De) 
(VI) 
For o =0, » = yo, and | From (I), we find From (IV), we find 
k = Ko 1 0&2 Ue eh: 
H,= — — and Si Gh! 
Jomo OY Jako Oy 
OH, 1282 08. 1 0?H, 
oy jeomo dy? OY — Jwko dy? 
From (II), we find From (V), we find 
Me ater L SoH; 
= — —and & =—-- an 
Jwpo OX JoKo Ox 
oH ozee 0g 0283 
— = (I1b)| — = - (Vb) 
Ox Jwpo Ox? Ox Joko dx? 


Substituting the values 
08,/dy and 08,/dx of (IVa) 
and (Vz) in (III) yields, 
after multiplying by —jwxko, 


0°H, 0°H, 
“ox? oy? = —o*pokoHs 
or 
0°H, 0°H, + BH, =0 
Ox? oy? oT 
(IIIa) 
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Proor Tuat (897a) SaTisrrns THE BouNDARY ConpITIONS.—(Continued) 


General electromagnetic 
field relations 


Electric vector of arriving 
wave vibrates parallel with 
Z edge of a perfectly 
conducting screen 
(& = & = Hz = 0) 


Electric vector is normal 
to Z edge 
&, =H — he 0 


| The boundary condition &, 
= 0 at the surface of the 
screen together with (VIa) 
gives &., and H, and H, 
can be found from (I) and 
(ID) 


The boundary condition &, 
= 0 gives 0H./dy = 0 for 
y =0 and 2 >0))itus 
necessary only to integrate 
(IIIa) with the boundary 
condition 0H./dy = 0 and 


& and &, can be found 
from (IV) and (V) for 


a — Orand ve — "Ko 


Using the polar coordinates r = r cos g and y = r sin g in the XY plane of Fig. 322, 
either § polarization relative to the straight edge Z yields the same differential 
equation 

1 0?w 


tae 


dw 4 1 dw 
r? Ag? 


or? r or 


(VII) 


which corresponds to (897a), since dw/dt = jww and 0?w/dt? = —ww 


The solution of (VII) is} Boundary condition Boundary condition 
for the respective bound- w=0 
ary conditions for ¢ = 0 


and 9 = 2r 


Remarks: For medium constants » henrys/m, « farads/m, ¢ mhos/m. 

For air ¢ = 0, « & xo = 8,854 X 10-12 farad/m, w = wo = 1.257 X 10-6 henry/m, » = 1/+// ue = 
WEN / roe = 2.998 X 108 m/sec = c= 3 X 108 m/sec, & is in volts/m, H in amp/m. 6 = 2x/d = 
w/e =o A/ pono. 


Orientation as in Fig. 322. 


They also find that at about 43 Mc/sec, the attenuation of electromag- 
netic waves due to the finite conductivity considerably outweighs the 
attenuation due to round-the-earth diffraction. 

With respect to the most complete solutions, due to Van der Pol and 
Bremmer, we obtain transmission conditions over actual spherical earth, 


as is shown in Fig. 323, where || denotes the total Hertz vector Il=T1,+ 


[Lae [], is the Hertz vector in the absence of the diffracting earth and 
due only to the actual primary radiation from a radiation center 7’, 
which is 100 m above ground, with the receiving pickup center next to - 
the ground. The vector [], is due to secondary radiation, which comes 


from the spherical earth surface. The theory of this is dealt with on 


Src. 206] ELECTROMAGNETIC DIFFRACTION 1069 


page 336. The ratio [| Als is, therefore, a measure for the effect of 
the earth’s presence, since it expresses whether the spherical reradiator 
causes reinforcement or partial field cancellation. In Fig. 323, the 
range from the primary radiation center 7 to a reception center P is 
always with P next to the ground, and 7G represents the geometrical 
line of sight or the horizon. The curves are for a frequency range from 
about 43 to about 43,000 Mec/sec. The curves show that diffractions 


=a 
=7m (42.85 Mc/sec 


50 60 710 80 90 100 


—~a,Km 


A=7mm (42850 Mc/sec) 
A=0 m (infinite Mc/sec) 
Fig. 323. Transmission conditions Fic. 324. Space point P at any desired 
over spherical earth crust based on height h2 above ground. Ti and I are the 
diffraction. Electromagnetic ground propagation constants in the atmosphere 
properties are o2 = 10-2 mho/m; outside the spherical earth surface and be- 
ke = 3.542 X 10°)! farad/m; pe = low the spherical earth surface, respectively. 
1.57 X 107-§ henry/m. hr = 100 m; (Note the respective heights hi for the 
he =Om. T is radiation center; R radiation center 7’ and he for the reception 
is receiving center such as point P.II center P are shown far out of proportion 
is- total Hertz vector =I, + I. with respect to the earth radius R.) 

The vector II, is Hertz vector in 

absence of the diffracting earth sur- 

face. II, Hertz vector due to second- 

ary radiation from the spherical 

surface of the earth. 


greatly favor the lower region of carrier frequencies. Theoretically, 
there can be no diffraction at an infinite frequency, for which reason the 
corresponding fictitious propagation curve defines the location of the 
horizon, 7.¢., the start of the geometric shadow region. The general 
theory with Hertzian vector contributions due to primary and secondary 
radiation is given on pages 258, 273, 338, so we can restrict ourselves here 
to essential Van der Pol relations, which have a bearing on their theo- 
retical curves. Figure 324 gives the space point P for the reception 
center at any desired height he above the ground, and h; is the altitude 
of the actual radiation center 7 with respect to ground level. The dis- 
tance from radiation center 7’ to the center of the earth is H. 


We have then o, «2, and p2 for the electromagnetic properties, in mhos per meter, 
farads per meter, and henrys per meter, of the earth crust. For the atmosphere 
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above the earth surface, we have essentially x. = xo = 8.854 X 10-¥ farad/m and 
wy = wo = 1.257 X 10-%henry/m withoi: = Omhos/m. We can also take for average 
earth 1 = uo, since we generally do not deal with ferromagnetic earth crust. The 
atmosphere excludes the ionosphere here, which can hardly play a part at UHF’s. 


The total Hertz vector Il in space leads to the series 


= co 
ps , eit Wq(RT1) 
Il ve IL, 2 Il. = gril » dee Oe: 6 (RT) 
q=0 
x (PD (HT1)EO (Ti)Pa(cos @) — forr > R 
Qe 09 
r? (RT 1) (899a) 
= tat tery 1 
Las >, Pet Saya 
q=0 


xX (OD (ATy)Weq(rT'2)Pq(cos 4) forr <R 
T = jw -V/ pke} ke= K — = farads/m 


where w/6.28 is in cycles per second. If x stands for the respective arguments, such 
as RY, 711, RT, . . . , and J and H for the Bessel and Hankel symbols, respectively, 
we find 


ems i pt 
x x dx jx : 


ae ; a 
£Pte) = EF Heya) - »(-12) GS) 
x x dz ap 


log = log. 


ee ee, [0.50 (ee 
W(x) 2 Ie (x) Sig (x)] ‘/ . J 944(2) x te a ( 


sin x (8996) 
: : 


A See)) | - es log [2¥q(x)] 
v. \ da Zax 


iS eR oo 


1d Ore | tide d 
{ Lr log [aos (x)] f { = Sree [zWq(x)] 


2=RT, 


z=RT2 


z=RI2 


At the radiation center, we have a singularity of form (e701) /(jriT1), and the primary 
field becomes 


aa oo 

ry 
7h % (2g + 1)&° (rT i)Wq(HT1)P,(cos 8) for, > HT 

wii 

. a" (899c) 
emily 
ae = (2g + 1)¢5? (AT 1)Wa(rT1)P,(cos 8) for; < Hf 

ij 

0 


If the first of Eqs. (899a) is written completely as a harmonic series, by substituting 
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the second of Eqs. (899c) in the upper expression of (889a) and using the Wronksian 
vela)sO (2) — Ma @ == 


We find the total Hertz vector 


q= © 


j HY,) 1 
Il = ae S (2¢g + 1) aoe Se = P,(cos 6) . (899d) 
q=0 


For the Neumann symbol N, we have 


y=RT2 


1d 1d 
Noe = {Eales torrent) {pq loetmetr } e000 


Watson transforms (899d) into a continuous integral, leading to 


igen g dg, 14(H0y) ee 
a 3 P,_\[cos (x — 0 
I] (RT,)3 ik cos (aq) £¢-14(RT1) Nq16 a—ys[cos (a »}} 
1 7 qd dq ¢,-14(HT1) i | 1 
— P ds “ r) 
* ry I <a GD Rt oe i! ee 
For the absolute ratio 0.5] | / IL, we find the radiated power P in kilowatts, and 
3 x 10° ~/P| Il 
Qe 3 X 10°-V/P Beet eo) 
qd pil, 


If the height functions f,(h1) and f.(h2) for the transmitter and receiver are introduced, 


we find 
4a] = se? ™4s 
= (Ai) fs(h2)P as_o.s Talo: h 
Wee cri: »S OE Meta Pe-adoos (= 8) (809H) 
. ce) q=s 


q 


s=0 


z 2 


athe fide? « } iepalale 4. as % 
M, = log [xq ()] oe log (xo; @| ea 0 (8992) 


z=RT, 


The height factors are 
gees) i Ry 
fs(hi) = (RT)? (RT) fe(he) = (RT) (8999) 


Sq, 0.5 Vs_0.5 


For hy = he = 0 (both radiation and pickup centers next to ground), 
we have 


T= 2 or ee), fas (hs) —— (899k) 
2r. * 
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where the details are given in Secs. 58, 59. The quantity 6 is 


j(T2/T1)? 
meryees Hae = 8991 
WRT V(02/T1)? — 1 Gone 
with a final solution 
als ip ei(Rit Ro) Te Me 
I] = sar, + CTR hal, (899m) 
incident reflected 


where d is the distance or range as shown in Fig. 323 and Ri + Ro is 
the indirect path. The quantity D is the divergence factor due to spher- 
ical earth, and p denotes the spherical reflection coefficient. Relation 


Before the shadow region 
£q. (899m) is used 


Apples up ro the Agha shadow litt 


nd St; (R,#R>) Amplitude ofr = Tl pion 
is Hertz vector r= © ira 4D eh is I+ vat "p 
1.0 - Shadow 
lireut 
iW Of LEG.(899k) Is 
Tip a used] 
f 
0.1 
0.05 HH 
0.0! 005 0. | 0:50 0 50 100 


Fic. 325. Value of the ratio I/II, for above given conditions. D is divergence factor; p is 
spherical reflection coefficient. Close to the radiator U/l, =1. Radiation and reception 
centers are 100 m above the spherical earth; f = 428.5 Me/sec; o2 = 10°? mho/m; ke = 
3.542 X 10-1! farad/m; we = 1.257 X 107 ® henry /m: 


(899m) applies to distances d before the geometric shadow limit is reached. 
Figure 325 shows what takes place when the ratio |] Is is plotted for 


various ranges d in kilometers, for the condition that both the radiation 
center and the pickup center are 100 m above the ground (hi = hy = 
100 m) and the frequency is 428.5 Mc/sec (corresponding to a 70-cm 
free-space wavelength). For distances close to the radiation center, the 
ratio [| y IL, is almost unity, since [], outweighs any secondary radiation 
effects. Up to the geometrical shadow limit, we have alternate maxima 
and minima effects. A position S is also in the line- -of-sight region, for 
which the amplitude curve shrinks to a minimum. This condition is 

due to the Brewster dip, since at this location, the incident ground wave — 
would be perfectly matched with the clectrommenetic medium of the 
ground, a perfect dielectric (cz = 0), and all the arriving wave energy 
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would pass into the ground and stay there. Figure 326 gives the different 
field fluctuations in the line-of-sight region (also for the case hi = hz = 
100 m) and for 42.85-, 428.5-, 4,285-, and 42,850-Mc/sec excitations. 
Figure 326a shows again that diffraction into the geometric shadow region 
is all the more pronounced for lower ultrahigh frequency. Figure 326b 
gives the corresponding Cornu spiral for the 42.85-Mce excitation. If 


0 _ Brewster dip effect on Cornu spiral 
0.1 
* 005+, ; Cornu spiral 
ll 0.01 b<2°542x10 "farad/m : L tor diffraction 
M9 005 422/257 henry /m it A ee f K around absorbing 
| | 0 ; en spherical earth 
0.001 th 
ea ag Pe 02) 8 AN 
0.0001 ame XN 


\ radvus) 


Fig. 326. Cornu spiral and I/II, curves for diffraction of actual spherical earth condition. 
2, 3, 10 km are the distances between the radiation center and the receiving center. Vector 
from origin O to any point of the spiral gives the amplitude as well as the phase (ratio of 
actual Hertz vector II to vector Il, in absence of the diffracting earth surface). 


we follow the spiral from the center 1 + jO, corresponding to a pickup 
reception center near the transmitter, it first spirals out and shrinks again 
to a minimum, owing to the Brewster dip. There is an inflection at So, 
where the geometrical shadow limit is reached. Then the spiral bends 
around with inverse rotation to approach the origin O along a spiral 
path. The linear connection of any point of the spiral to the origin O 
(the cross point of the real and the imaginary axes) gives the field amplhi- 
tude corresponding to the indicated ranges d in kilometers. Before the 
horizon, the curve approaches asymptotically the limiting value f— ~, 
and the ground conduction current is negligible compared with the dis- 
placement current, so that T2 > —w?u«, and 


Il 2k, COS 61 


Il, «cos 6: + Wk, — sin? 01 
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where 6; is the angle of wave incidence of the primary direct wave with 
respect to the normal to the ground. 

207. The Burrows-Gray Diffraction Formula and Curves. The pre- 
vious section shows that the ratio 6.28R/\ expresses to what extent we 
can expect diffraction around spherical earth. The quantity R is then 
the radius of the earth. Figure 327 shows the radiation center 7 and 
the pickup center P drawn for the 
equivalent earth radius R, = kR. 
If the relative altitudes of T and P, 
with respect to the earth surface, 
are large compared with the devia- 
tions of the earth surface from a 
plane, we have the resultant field 
at P 


-8R1 _ ¢-IBRs 
‘Re=kR &e = &o + Dpeé? R 
Me 


Ry 
volts/m (900) 


Pn es 
NY 


: : where & is the reference free-space 

Be 7 ere ue 10 tweet oath tid. intensity. <n | he 

of the earth. Heights hi and hz are greatly plane of the radiator at 1 m dis- 

dimensions are in meters. or = 3g, ve tance. The length of the direct 

have Re = 8,500 X 10% m; M1” = d:?/2Re; path Ry and indirect path Re is in 

fo tiga oh fon & = Mi'/ds = “eters, and p ald een an 

magnitude and the phase of the 

plane earth reflection coefficient, depending on the polarization. The 

quantity D accounts for the increasing divergence of the wave upon reflec- 
tion, due to earth curvature. It is 


| ALIS. wr 
——. p= tts diy Glia Gh ds (900a) 
V1 +- Pp hyd hod 


The quantity 6 is the phase factor 6.28/A, where is the free-space 
wavelength in meters found from 300/f™. For low antennas, we have 


& = 2&,AF,G1G. volts/m (900b) 


where A is the plane earth attenuation factor for antennas on ground, F; 
is the universal shadow factor (ratio of field over spherical earth to field 
over plane earth for same ground constants), and G; and G2 are the height- 
gain factors (independent of earth curvature and range). The factor 
F, does not depend upon the antenna height. For the radiation and 
pickup antennas next to ground, we have G, = 1 =G». At great dis- 
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tances, we have 
Sp Arhihs Gi1,2 


Xd S0F' 39192} fi,2 = aA (900c) 


where for moderate heights gi = 1 = ge. For the universal shadow 
factor F,, the ratio a/b, for a = 6.28d/d and b = (6.28R,/X)%, plays a 
part. The factor A in (900b) depends on the electromagnetic properties 
of the earth crust, the operating frequency, and the type of polarization 
employed. In the height-gain factors Gi and Ge, the terms 6.28h/d and 
6.28R./d and the relative equivalent dielectric constant Kt, = x, — j1.8 X 
104(¢/f) play apart. The quantity x, denotes the actual relative numeric 
dielectric constant of the earth crust, f is in megacycles per second, and 
ginmhos per meter. In connection with the curves, we use the relations 


Beopcia)” 
46 Kk, — ai 
i=, — -1 
(mhos/m) 
Ke ee Kg ras, 71.8 x< 10° ara = Kp — 7600r (900d) 
300 
ee 
ny etprse) 


where x’, is the relative equivalent numeric dielectric constant of ground. 
The distance parameter ¢ depends on the polarization, and we have 


a iS for vertical polarization; ¢, = aa for horizontal polarization 
(900e) 
leading to the distance parameter formulas 
pac, = 8280) V (x, = 1)? + 3,600(r0)? 
c x2 + 3,600(Ac)? 
_ 2.09 X 10-°fd W(x, — 1)? 43.24 X 108 (/f)? 
x + 3.24 X 108 (c/f)? 
6.28(d/2) : by 
Bee = 4/G = 1)? + 3,600(0\0)" 
2.09 X 10-*fd 
~ Wp — 1)? + 3.24 X 10%(6/f)? 


The application of these expressions is as follows: Suppose we deal with ocean 
surface, for which we have a relative dielectric constant «, of about 80 and a conduc- 
tivity ¢ 5 mhos/m. For a 100-Mc wave excitation, we find at a distance of 18.6 
nautical miles the value d = 539.6 X 18.6 = 104m, since 1 nautical mile is 0.5396 km. 
We have «x, —1 = 79 and (x, — 1)? = 6,241, (@/f)? = (00)? = 25 X 10~4 and fd 
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= 100 X 10* = 10°. Hence, for horizontally polarized waves, we find the distance 
parameter 
2.09 X 10 X 10° 20,900 


1/ 6,241 + 3.24 X 10° X25 X 10-* 6,241 + 810,000 | 


gh 


where 6,241 is the displacement effect, 810,000 is the conduction effect, and the square- 
root terms show that for a frequency of 100 Mc/see, the ocean conduction currents 


1.0 = 0 ———-— Holds for ke very large 
= tor long.waves over ocean 
= 0 lee For VHF and UHF over /and 
io : 20 For VHF and UHF over ary Jand 
#i = 
k Universal? 3 30 < 
-9| fs curve y Se) 
lo"? aet-40°5 
uw? 6 Ios 
50 Le 
2 E ee | 
o 60 go 
‘ : CS OS TO) BeAr ae) 
-10 6.262 
F =f. 
io-4 3 a Eel 
0.1 1.0 10% ( X 
> n=faF( 6) 


Re=kk effective radius of the earth 
R 1s actual radius of *he earth 
Fig. 329. Shadow factor (Fs) curves (Burrows-Gray). 


are essentially responsible (ocean displacement currents comparatively small). The 
distance parameter for vertical polarization is 


20,900 X 903.4 
816,241 


= 23.1 


and happens to be the same value as for horizontal polarization. Figure 328 shows 
how the plane earth attenuation factor A of Eq. (9000) varies with the distance 
parameter ¢ for different Q values of the ocean. In the above example, we have a 
quality @ = (80 X 100)/(1.8 X 104 X 5) = 89 = 0.0889, which is quite small. 
The curves yield for vertical polarization, for ¢, = 23.1, a value of about A, = A & 
0.05. This corresponds to about 26 db for 8/28). For horizontal polarization, the 
distance parameter ¢, = 23.1 yields a value A, = A 0.04, which corresponds to 
28 db. The curves of Fig. 328 show that for large values of the numerical distance ¢, 
the same attenuation factor A results for any Q value and irrespective of the polariza- 
tion.. On account of the earth curvature, the free-space field &» in addition to factor 
A must be multiplied also by the shadow factor Fs, since this factor is the ratio of 
the actual field received to the field over plane earth with the same electromagnetic 
properties. Figure 329 gives the curves for the shadow factor F,. The solid F, 
curve with ¢, as abscissa gives the shadow factor for horizontal polarization. It is 
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the universal F, curve, which is also drawn for the 7 scale. The distance parameter 
n then becomes 
6.28 (d/2) 


= 7 for horizontal polarization 
7 = Th (6.28(R./n)]* g p 
| F (900g) 
6.28. 1 3 eae 
n = no = bal’ (6) = fa K for vertical polarization 


The curves in Fig. 330 give the proportionality factor (6) in terms of the earth con- 
stant 6 = (6.28R./\)*/K»y. Since, according to (900d), the quantity K, in K, = 
(«,)2/ (x, — 1) is complex, the quantity 6 with the absolute amount || generally has a 


1.0 

09 

{ 0.8 
F(6) 


10 00 «=S«« M000 “flog 
Magnitude | 5} 5,000 10,000 


(2.09 X 10°-2R.f)% 
r (ke')? 


Kd =, — 18 X 1085 


6 


(Ke — i) 


Kr DUMeric; ¢ in mhos/m 

Re = kR in meters; f in Me/sec 

Fie. 330. Curves for the F'(6) function used in Fig. 332 as a function for the ground con- 
stants. Solid curves for short distances. Numbers on broken curves correspond to num- 
bers on shadow factor curve of Fig. 329 holding for all distances. 


phase angle also (since 6 is complex with a magnitude as well as a direction). The 
numbers on the curves give the argument of 5 in degrees. The ordinates of the 
solid curves give the F(6) value to be used in Fig. 329 with the 7 abscissa scale in the 
case of short distances. The broken curves hold for longer distances. For low 
antenna heights, the respective antenna gain factors G, and G2 are computed from 


% 6.28h/r 


VK. 


= 
xX =x = 6.28 VK, for horizontal polarization 


G = 1 XESS Xe for vertical polarization 


(900h) — 


when h is the altitude of respective antenna centers with respect to ground. At 
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short distances, (900h) is limited to heights for which 6.28hih2/(dd) is somewhat less 
than unity and, at long distances, to values less than 0.5, for 


xe 6288/2 
x 4/5 — X/6.28(Re/d) 


In Fig. 331, we have the relative height factors x 


6.28h/r “Ik — 1)? + 3,600(cA)? 

SOS fara 2 + 3,600(oa)? J x + 8,600(cd)? 
2.09 x 10-*fh “lee — 1)? + 8.24 X 108(0/f)? 
/ x2 + 3.24 X a} Ke + 8.24 X 108(o/f)? | 


(9002) 


tad 
ll 


I 
ae 6.28 AV (ik; — 1)? + 8,600(cd)? 
Ja. > oD 7AARt 
2.09 X 10~?fh ‘| (x, — 1)? + 8.24 X 108 (5) 


for h and } in meters, f in megacycles per second, and c in mhos per meter. The 
relative dielectric constant «, for the earth crust is anywhere between 4 and 80, the 
upper limit holding for ocean and lakes and rivers and the range from 4 to about 30 
holding for dry rock to wet soil. There is a gap between 30 and 80 if we think of 
customary values given in standards tables. The height-gain factors G; and G2 in 
Fig. 331 depend on the polarization (either x» or x, must be used). For large values 
such as x = 20, we have essentially a common characteristic for the G curve. 
This means that the electromagnetic ground properties u, x, and o no longer play a 
part. Therefore, the received field must be independent of the electromagnetic 
merit Q of the earth crust and the polarization. This applies to quite a range of 
short wavelengths and can be experimentally verified. For great heights, such as 
Xa = 0.5, we find 


g(volts/m) = 12.56 


h ho hihofMo ; 
= SoF gigs = 4.19 x 10-2 ia Sol gige (900;) 
a 


where for sufficiently great ranges, the respective height factors gi and gz do not depend 
on the range but on the relative height factor parameter 
X35 = x09 (4) for vertical polarization 


+ 6.28h/r _ _ 2.09 X 10~*hf for horizontal polari- (900k) 
\/6.28(R./s) /2.09 X102RF zation 


X3 = Xa 


where f is in megacycles per second and 6 = (6.28R./d)*/Ky. For an atmospheric 
refraction such that the effective earth radius R, in meters is 44 times the actual 
radius R, we find xa = 0.0167h\”, where h and \ are in meters. Figure 332 gives 
curves for the respective factors gi and g2 of formula (9007). We have also for ver- 
tical polarization 


xs = xag(3); gu = ngs (9001) 
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Figure 333 gives the curves for the g(6) and gs values depending on the absolute 
value |64| of 6. 


208. Remarks on the Application of the Classic Theory of Apertures 


in Optics to Diffraction of Electromagnetic Waves. We know that the 
classic Kirchhoff solution is based on a scalar wave function w, while 
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For values of x > 20 we have G & x, for vertical polarization. For values of x > 20 we 
have G = x, for horizontal polarization and A approaches 1/f£, and 1/¢; making §(vlts/m) = 
260M ex?/f = 12.56(hih2/dd)&0Fs. hi and he are the heights of the radiating and pickup 
centers above ground in meters. 

Fie. 331. Height-gain factor G as a function of x parameter. 


for electromagnetic waves, we have to deal with & and H functions due 
to such fields and have to meet boundary conditions. According to 
Huygens’ principle, the wave front can be taken as a multitude of 
secondary wavelet sources. Such sources are also compatible with the 
electromagnetic induction theorem. For this theorem, any of the second- 
ary sources is an association of electric and magnetic current elements 
whose respective moments are proportional to the electric and magnetic © 
field intensities, which are tangent to the wave front of the primary wave. 
For instance, for a large aperture in a perfectly absorbing screen, the 
electromagnetic field in the aperture must be essentially the same as 
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Fie. 332. Height-gain factors gi and g2 from pages 1075, 1078-1080. g;, are the values for gi 
and ge for horizontal polarization. For vertical polarization gngs gives the values for gi and 
gz, depending on whether h = hi or h = he is used. hi and hz are radiation and pickup 
center altitudes in meters above ground. 
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Fig. 333. The parameters g(6) and gs for Fig. 335. 
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though the screen were not present. There can be no back reflection 
and, therefore, also no interference with the primary wave front, which 
arrives at the aperture. A circular opening in a screen of a diameter 
1 wavelength is, for instance, 90 per cent efficient as far as the radiation 
through the circular aperture is concerned. This statement is based on 
the power radiated by electric and magnetic current sheets at the aper- 
ture. We have entirely different conditions from these for light waves, 
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Fie. 334. Optical case for an aperture in a screen. 


where the diameter of the aperture or the width of a slit are small but 
always very large compared with the wavelength. 


In optics, we deal in the case of apertures in a screen as is indicated in Fig. 
334a and b. In Fig. 334a, the location T represents the primary radiation center, 
which is a distance ro away from the reference point O in the opening AB of the screen. 
The surface S encloses any suitable space behind the screen. According to Sec. 203, 
we have, at the reception center P, the elementary wave disturbance dw = 
k sin {Bl[vt — (r + ro)]} for 8 = w/v = 27/d and the velocity v of propagation. The 
Kirchhoff formula has the form 


-2a | 2 — (cos @ — cos ~) sin {Bvt — (r + 7o)]} dS 


S TT 
ro >> d 
Since the integrand over the envelope ACB behind the screen vanishes, we have only 
to integrate over the surface AB, which forms the aperture. We found that for 


small dimensions of the aperture compared with ro and r, the quantities ro, r, cos y, _ 
and cos @ are constants and 


6 3 
w age (cos (cos daescos ¥) UE sin {Blut — (r + 7o)|} dS 
2rror 
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Inasmuch as we are interested in this relation in the wavelets coming from the pri- 
mary wave front occupying the aperture, we choose an elementary surface dS for 
each elementary effect dw at field point P, in such a way that cos y = cos 180° = —1. 
_ This means that dS is normal to 7» and 


‘Wil 0 or 
dw = peg ae 008 8) sin E ( afte "| = K(1 + cos 6) sin at’ 
2rr or v 
ai ae (901) 
WwW 
K = 
2rr or 


This relation shows that each primary wave-front element in the aperture AB acts 
as an elementary secondary radiator, emitting a wavelet with an amplitude that is 
proportional to (1 + cos 6). The directivity pattern Dg» of each secondary radiator 
is then 1 + cos 6, which is a cardioid and has no straight backward directivity, since 
cos @ = cos 180° = —1 and Dis) =1—1=0. The field power of the wavelet 
is then proportional to (1 + cos 6)?. We have an action similar to that for two 
linear parallel radiators that are a quarter wavelength apart. A similar action also 
exists when radiation occurs from plane electric and magnetic current sheets with 
respective current densities Jg and Jm, in amperes per square meter and volts per 
square meter, respectively. We have then polar coordinates r, 0, and ¢ with a power 
flow per unit solid angle in the 6, ¢ direction, which is likewise proportional to (1 + 
cos 9)? and inversely proportional to \?. Figure 334 illustrates the classic optical 
ease where 7’ denotes the light source that, by means of a lens Li, causes parallel rays 
and diffracts these rays through a slit of width a toward a focal point P, owing to the 
action of a focusing lens Lz. The equivalent electromagnetic case is illustrated in 
Fig. 334c, where a plane electromagnetic wave is caused by means of a parabolic 
reflector with the actual or primary linear radiator along the focal line of a paraboloid. 
Tn the electromagnetic case of Fig. 334c, as well as in the optical case of Fig. 3346, 
the primary radiation center T acts as though at infinity as far as the plane wave 
front is concerned at the aperture. By choosing the reception center P in Fig. 334c 
a very large distance from the primary wave front in the slit of width AB, the rays 
AP and BP must become essentially parallel, and P acts as though at infinity. Hence, 
the lens Lz is avoided in the electromagnetic case. We could, however, place the 
points P along the focal line of a receiving paraboloid and produce the same effect. 
In either case, we have then at points P the conditions for an electromagnetic Fraun- 
hofer diffraction pattern. If such a provision is not made in Fig. 334c, we should 
have at points P an electromagnetic Fresnel diffraction pattern. For the latter, we have 
to sum up all effects at a field point P with respect to amplitude as well as to time 
phase. 


Inasmuch as the slit is in the XY plane, the surface element of the 
aperture is dx dy. For small ranges of angle y of incidence and angle @ 
of diffraction, we can put K(1 + cos @) equal to a constant as far as the 
integration of (901) is concerned, where the integration extends only 
over the area of the slit or aperture. Since rp and r also do not depend 
on y, we can take all independent terms in front of the integral and call 
it a factor Ky, requiring only the solution of w = K,f sin {A[vt — (r + 
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ro)]} dx between the limits c = —1ga and x = +1éa, where a is the 
width of the slit in the X direction. Using O, a point halfway between 
AB in Fig. 334c, as a reference point and calling the distance r + ry 
= kod, we have, for any other point along the width AB, a path length 


r+ ro = koA + x(cos W — cos @) actual length 
x(cos Y — cos 6) 


Br + 70) = 2e| ho + x 


5 — COS — cos 6 
r 


= 2n(ko + x6) electrical length 


We have then 


x=+a/2 , a/2-. 
w= Kf sin Blvt — (r + ro)] dx = Ky / sin [2r(ft — ko — x6)] dx 
az=—a/2 —a/2 
sin [27(ft — ko — v5)] = sin [27(ki — x)] 


er 


ki ‘ 
= sin (27k) cos (27x65) — cos (2rk1) sin (2726) 


a/2 a/2 
20 — aK sn (2irk1) / cos (2726) dx — cosa it sin (2726) a| 


é ae G/2 —a/2 


and 


a 


ue ? 
i sin (2726) ore cos (2726) ae, 
= Ki} sna Coy @)\|—————— 
276 = AyD 276 a/2 
For y = a6, we find 
rk sin y — sin (—y) cos y — cos (—y) 
w= —K,|sna C08. @ 
276 276 
; sin y _ sin @ sin 
= —K, E o—— — (copa) x o| = —ak, = us 
v/a ey, 


We find at any point P along the line MN in Fig. 334c, provided the 
range of angle 6 of diffraction is small, 
siny . , sin (a6) . 
sma = —K, ae sin [Qar (ft == ko)] 
= —K,D; sin [2r(ft — ko)] (901a) 


w= —ak, 


because the width a is fixed for a certain aperture and aK, = Ko is a 
new constant. For p = raé, the diffractivity Ds is 


Ds = =P, p = 8,14q OS ¥ — 008 6 


The function (sin p)/p is the distribution variation of the amplitude 
(Kz sin p)/p in the XZ plane of Fig. 334c, provided the ranges y and 0 


(9016) 
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are not too large. The radiation intensity, 7.e., the radiated power, 
varies as (sin? p)/p?. Maximum amplitude as well as energy values occur 
for 


d{(sin p)/p| _ 0 or SRP PCSP _ 4g ) 
dp sin’ p | 
i.€., sin p — pcos p = 0 | (901c) 


or 
tan p = p 


Hence, we need only draw the slanting y,; = p= line and intersect it with 


+A scale (belongs to field amplitude and radiation intensity curves 
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Fie. 335. Field amplitude and radiation intensity patterns. Note: First lobe with A1 
peak is twice as wide (27) as side lobes A2; As, etc., of width 7. 


the various consecutive finite branches of the y, = tan p curve of Fig. 
335. This occursfor p = 0, = 1.434 = 4.493, = 2.4592 = 7.725, = 3.477 = 
10.9, = 4.4797 = 14.07, - - - , since for these values tan p = p. Table 
70 gives evaluations for diffractivity D; given by formula (901b), in 
terms of the argument p as well as the tan functions. The square of 
the diffractivity must be a measure for the radiation intensity, since this’ 
intensity refers to energy distribution. The radiation intensity curves 
can also be found directly from the D; curve in Fig. 335 by the method 
of equal-lobe widths w; for the D; and D;? curves. We then choose the 
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ordinates for certain fixed widths, such as 0.7, 0.8, 0.9, 0.6, 0.5, 0.4, 

We have then the corresponding squares 0.49, 0.64, 0.81, 0.36, 0.25, 
0.16, .... It is then only necessary to transpose the lobe width w, 
_ Gin Fig. 335) from the 0.7 ordinate, for instance, to the 0.72 = 0.49 ordi- 
nate in order to find the two extreme points P{ and P3 of the radiation 
intensity curve from the P; and P» points of the field amplitude curve. 
The latter curve is, in reality, only the diffractivity D; in this figure. 
Hence, when the ordinate value is n for the diffractivity curve Ds cor- 
responding to a width w,, we have only to shift the w, width to an ordi- 
nate value n’. 

It is now of importance to apply the diffraction pattern of Fig. 335 
to the case of electromagnetic waves, where the wave function of the 
Kirchhoff expressions must satisfy the respective field associations & 
volts per meter and H amperes per meter, as well as the boundary con- 
ditions. This means that we must relate the factor p as well as the 
factor K» of (901a) to such field vectors and their requirements. 


According to the classic theory, we deal with a single wave function w and have 
the relation A’w + Iw = 0, where I denotes the propagation constant and w(z,y,z) 
is the solution for any isotropic homogeneous medium. According to Green’s theorem, 
for any point 21,¥1,21 within any closed surface S, we have 


fs) =r 
w(£1,Y1,21) = — uff (2 q-w 2) dS; q= = (901d) 


if any point x,y,z on the enclosing surface S is a distance 
r= V (a — 2)? + (yi — y)? + (& — 2)? 


from an interior enclosed point 2%1,y:,21. The derivatives are normal to all surface 
elements (expressed by operator dn). This is the case if any aperture point along 
the opening AB in Fig. 334 is a location 2,y,z. We have then : 


r e  (rtro)T 
abe (cos 6 — cos w) dS (901e) 
7 Ss Tro 


where the wave disturbance w is due to a source whose wave front forms a portion 
of surface S and is a distance 7) meters from the source, while , meters is the distance 
from point 2,y,z located in the primary wave front, acting as an aperture in said 
surface to a point 21,y1,21. The degree of diffraction is practically such that the 
straight connection 7'P in Fig. 334a passes close to the edge of the aperture. For 
nondissipative mediums, such as atmosphere, the propagation constant T = a +]8 
simplifies to 78. The factor «~*8"+7) represents a rapidly oscillating function of the 
field point location, while cos 6 — cos y = 2 cos & varies relatively slowly. If we 
now choose the difference of cos @ and cos y equal to 2 cos 6, the quantity 40 will 
represent the angle between the straight connection P7' and the normal to the aper- 
ture. Such a substitution leads to the restricted Kirchhoff relation 


* As Cos oe comet i <-iB(r+ro) dS (901f) 
Qurro 
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It is now convenient to fix the coordinate system as in Fig. 336. 
Since the aperture of the screen is part of the surface S, only this surface 
portion requires integration. The quantity dS = dx dy is a surface ele- 


Pp 


“ 
(reception 

i center 

|screen Re as Yi2) 


La 
/ 


Ro /? 


y 7 (primary radiation 
ne center At Xo; Yo;Zo) 


Fie. 336. Conditions for any aperture in a screen with respect to significant distances to 
primary radiation center and reception center from Huygens wavelet centers. 

= V (eo = 2)? + Yo — w)? + 20% r= Vi — 2)? + — 9)? + a; 

= V x0? SP O0R ames Ria=N\/ 28 Pye. 
Any point x, y in the aperture of the screen is one of the many secondary Huygens radia- 
tion centers (72 is such a point). 


ment with an elementary wavelet center. Inasmuch as x/Ro, y/Ro, 
x/R, and y/R are small numbers, we can write 


of eet + yoy , ee Ue Coe) eee 
Liye Ro — Ro =F oR. 2h? Hi 


. Lie + yy x? + y? _ (we — yy)? 
ae, ' oR oHaae anh 


which, inserted in (901f), yields 


—jB(R+Ro) 
me; BE COS 60 ib ev) dr d 
w i] vay 
2rkRo aperture 


== Ky / | «Brew dr dy (901y) 


where the integration is taken only over the aperture surface, because 
the remainder of the closing surface S is a screen and cannot contribute 
anything at the reception center P. We have the function . 


“oe yytee’ + Fee or gas iat 
F(a, y) = Ro a 2Ro 2R? ats 


| ae boyy ie ey? ee iy)” 
R 2R 2R3 


+--+ + (9OTR 
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The constant Ko multiplied by the double integral is then the Fraunhofer 
amplitude in the presence of diffraction. It can be applied to electromag- 
netic waves if suitable precautions are taken to satisfy the boundary 
conditions at the surface of the screen and the tangential electromag- 
netic field forces at the aperture are known. 
209. Electromagnetic Huygens Wavelet! Radiators in the Primary 
Wave Front. In the distant radiation region, we deal essentially with 
plane electromagnetic waves. The plane wave front then represents 


An electromagnetic 
Huygens SOUrCE z (direction of motion 


of the primary wave front) 


ye | 70 primary radiation center 
(a large olstanceaway, since 
XY $G./7. 1s plarie) 


Note: (Ps0°)? is 6 db below (Po°)? = dx dy = dS is a Huygens wavelet source in the 
(Pmax)? for a secondary radiation center primary wave front. 
but only 3 db below for a well-known S =2zysqm 


_ end-fire line-up of linear radiators. Fi 
Zi = a > 376.7 ohms 


Jz = —& = —ZoH volts/m 
Fie. 337. Conditions for an electromagnetic wavelet source. 


the unperturbed primary wave front due to a primary electromagnetic 
radiator, and it is an easy matter to apply the Huygens wavelet concept 
rigorously. The primary wave front of Fig. 337 is the plane area 1-2-3-4-1 
at the instant; it just passes the X Y plane while traveling in parallel planes 
with a velocity of vy = 1/+/ux = 3 X 108 m/sec in a direction normal to 
this plane, since such a front is a place of constant phase. The & = &, 
and the H = H, polarizations are, therefore, tangential to the area 1-2-3- 
4-1. The plane wave front can then, according to Secs. 61 to 64, be 
replaced, in effect, by electric and magnetic current sheets, which are in 
this plane. Formulas (515) and (516) show then how the electric current 
density J, amperes per meter and the magnetic current Im, Volts per 
‘Electromagnetic Huygens sources were treated by S. A. Schelkunoff in his paper 


on A General Radiation Formula, [RE, 27, 664, October, 1939. It is also used later in 
his “Electromagnetic Waves,” D. Van Nostrand Co., Inc., 1943, on pp. 354-355. 
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meter of the equivalent electric and magnetic current sheets may be 
numerically related to the magnetic field intensity H, amperes per meter 
and electric field intensity 6, volts per meter. The infinitely small 
area dS = dx dy with the sides parallel to &, and H, represents a Huygens 
wavelet radiator, 7.e., a secondary radiation center. Since J, dS is the 
electric moment and J», dS the magnetic moment of a wavelet radiator 


and we have J, = —H, = —H amperes per meter and Jn, = —& = 
—& = —Z,H volts per meter, we find the radiation vector 
iN. = —HdS=— "8 m.amp; dl = 84S = —8,48 

0 


m-volts (902) 


which is the radiation vector of an electromagnetic Huygens source, 
according to Sec. 124 and formulas (831).. In order to obtain the electric 


radiation vector NV, we have to compute the integral | I, dN, for the 
area xy square meters. For the magnetic radiation vector of area 
1-2-3-4-1, we have, similarly, Ly = / ip dL,. In this section, we are 


interested mainly in the effect of a Huygens radiator, for which we have 
formulas (902) if expressed in Cartesian coordinates. For spherical 
components, we find 


aN» —H dS cos 6 cos ¢ 
dN, = H dS sin 0 
dL,» = —&dS cos 6 sin ¢ = —Z .H dS cos 6 sin ¢ 
dL, = —&dS cos g = —Z,H dS cos ¢ 


ae = 376.7 ohms | | 
K } 


According to Secs. 125 and 126, the elementary power directivity dD,, 
which is the same as the radiation intensity, can be found from fora 
(838b) as 


}m ‘amps 


I 


m - volts (902a) 


= 
l 


dD, = 1.39 X 10-8? | 376 7(\ANo|? + |dN gl?) + grey (laLol? + |dLgl?) 


0.125 
2 


s767 
+ 2(\dN» dL,| — |dN, at) | = 


[oud watts 


for f in megacycles per second and \ in meters. We then find 


(& dS)? ‘ | 
dD, = BZN? [(— cos 6 cos y — cos ¢)? + (sing + sin ¢ cos 6)?| watts 
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a 


or 


_ (eds)? 


Z(H dS)? 
dD, @ BZ or2 of ) 


(1 + cos 6)? = 22 (1 + cos 6)? 
1.39 X 10-*f?Z,(H dS)?2(1 + cos 6)? 
pg KOE ME: 
1.39 X 10 Tae (1 + cos 6)? watts (902b) 
0 ' 


I 


In air, we have, for Z) Y 376.7 ohms, 


dD, = 5.25 X 10~-*(fH dS)*(1 + cos 6)? 
= 3.69 X 10-°(fé dS)?2(1 + cos 6)? watts (902c) 


which is the equivalent electromagnetic Huygens radiation intensity. 
This result shows that the field amplitude is a function of (1 + cos 6) 
as in optics, if compared with Eq. (896c). We have then a directivity 
(1 + cos @) = 2 cos? (6/2) as in Fig. 337 in the XY plane, for the field 
amplitude of an electromagnetic Huygens wavelet radiator. 

210. Radiation Effect of a Slot Radiator (Wave-front Radiator of 
Finite Rectangular Area). In such a case, it is of advantage to orient 
the plane of the slot in the XY plane. Depending on the conditions of 
the electromagnetic field at the primary wave front occupying the slot 
area S in Fig. 338, we must now make certain assumptions, just as is 
done in optics, where we assume that the wave front at an aperture is 
the unperturbed wave front that would exist at the same plane area 
S = ab square meters if the screen were not present. In optics, such an 
assumption is justified, since the wavelength of all light waves is exceed- 
ingly small compared with the dimensions of even a small aperture. 
We can then do the following for short electromagnetic waves: (1) We 
assume the primary radiation center far away and choose the screen in 
which the rectangular opening S of Fig. 338 represents the useful primary 
wave front of very large extensions in its plane. If the aperture is not 
too small, we can, as an approximation, neglect the edge effect and assume 
that the area S represents approximately an unperturbed plane primary 
wave front with an infinitesimal number of Huygens wavelet centers 
P,, each causing a power directivity as found in Sec. 213. (2) We can 
also assume that the area S is large enough and in a screen that has, at 
least on the side facing the arriving primary wave, wave-absorbing prop- 
erties so that any back reflections can be ignored. (3) We can imagine 
the area S as the aperture of a paraboloid with a linear radiator at the 
focal line of the parabolic reflector with a front opening S = ab square 
meters. Also in this case, we have, in effect, a plane wave front, even 
though the distance to the primary radiator is small. (4) We can assume 
that the mouth of an electromagnetic horn, which is a pyramidal horn, 
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has in the plane of the mouth only tangential & and H fields operative. 
This applies then also to the mouth of a rectangular wave guide in 
approximation, since we have to realize that in any guide, we have also, 
in addition, either a longitudinal & or a longitudinal H field, respectively, 
arriving at the opening. However, as far as the distant radiation effect 
of the secondary mouth radiators are concerned, only the tangential 


AY 


NSE; A 


yzssing 


Fic. 338. Phase factor for the multitude of Huygens sources in the primary wave front of 
ab sq m. 


1 Y1 
—_ (Se 


s cos (¢ — ¢1) =scos¢gicos¢ + 8sin gising. 

S = ab sq m is a wave-front radiator with dS = dz: dy: as a typical Huygens wavelet 
radiator element at Pi. gis the angle that the projection of r makes on the X Y plane with 
the +X axis. Primary wave front in XY plane. According to Fig. 135, we have yas the 
angle between the ¢y, @ and gu, 6: directions based on the relation cos wi = cos 8 cos 01 + 
sin 6 sin 6: cos (¢ — ¢1). Since all wavelet centers Pi are at x1, yi, 21 = 0, we have 61 = 90° 
(since the entire wave front isin X Y plane). Hence, cosy: = cos 6 cos 90° + sin @ sin 90° 
X cos (g — ¢1) = sin 0cos (g — ¢i). Note: The angle ¥ has nothing in common with the 
angle w of primary wave incidence. ¢/8s sin 8 cos (Y—-¢1) is the phase factor of the various dS 
Huygens wavelet radiators at points P; all over the total radiation area S = absq m. 


fields can play a part. We can then, in effect, assume that we have 
fictitious electric and magnetic current sheets in the S plane of Fig. 338. 
We can also proceed with a solution as given in Sec. 246 of the Appendix. 
We have then the zdeal case of a curtain radiator, as is discussed 
in Secs. 117, 118, 119. The field amplitude pattern is then based 
on formula (822), if applied to a curtain S with Huygens wavelet 
radiators like a mosaic making up the S surface. This means that we have 
only to multiply the dD, elementary directivity given by (902c) by the 
group characteristic D? in order to obtain the power directivity of a slot 
radiator. The square-root value of this result must then be the ampli- 


tude directivity of wave-front radiator S. The general formula (822), for 


which D,D,D, denotes the amplitude group characteristic, reduces, 


SS 
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according to Sec. 119, to D, = D,D,, and we can account for individual 
radiators, even if not excited in time phase. However, since we deal 
with wave-front radiators that are plane, we also have this simplification, 
and all Huygens wavelets start out with a common time phase. There- 
fore, when the plane wave front in the S opening is such that the tan- 
gential fields are &, volts per meter and H, amperes per meter, we have 
&2/Hy = Vu/k = Zo = 376.7 ohms. This means, in effect, that we 
have the [current densities J, = —H, and Jm, = —&, in the coin- 
ciding electric and magnetic fictitious current sheets of the slot plane 
S. We find then, from (902c) and the reduced (882c) formula, where 


G2(L + ¢os3G) heen 
S20 c08 1 s3|D 


H?(1 + cos 0 
= | 0.125 ‘aos 282] D3 


D, = (dD,|D?2 = [5.25 & 10-4f2S?H2(1 + cos 6)?] D? 
= [3.69 X 1079f28762(1 + cos 6)2] D? 
g 


sin whe sin 6 cos sin Be sin 6 sin 
4 nN ‘ » ib) youd 300 
7- y ia fe) 


D, = [dD,]|D?2 = | 0.125 


(902d) 


mb. ; 
— sin 9 sin ¢ 


“Koh 3 
— sin @ cos ¢ x 


r 
a, b are in meters and (dD,) is for all Huygens radiators taken over the 
total area S = ab square meters. 


This result can be readily proved by means of the geometry of Fig. 338. We need 
only to multiply the differential power directivity dD, (power radiated by a Huygens 
radiator in a given direction per unit solid angle) by the phase factor exp [8s sin 6 
X cos (gy — ¢:)] and carry out the integration over the area S. We then find the 
total power directivity (also called ‘‘radiation intensity’’) as 


= (Ap ¢iBs sin 8 cos (y—¢1) dD» 


2 
= 0.125 ——_____—_ és z(t aacos 2) iy ¢iBs sin 9 cos (g—¢}) ae 
Zor? S=ab 
2 w1=a/2 yi=b/2 2 
Bgion ee COS YT S (Ll + cos @) iL i, ¢78 (x1 cos ptyi sin %) Jr, dy 
Zor? w= —a/2 Jyi=—b/2 
82.a7b2(1 6)? 
= 0.125 ee D?; —a®b? = Stand D, 


as in (902d). 


The variable portion of this result depends on the angle @ and yields 
the electromagnetic Fraunhofer pattern, which must be distinguished 
from the electromagnetic Fresnel pattern. For the Fraunhofer diffrac- 
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tion, all Huygens wavelets coming from the primary wave-front radiator 
arrive in phase at field points P on the normal to the wave front. This 
means that we deal with distances that are so large in effect (by means 
of a focusing lens or a focusing paraboloid) that there is no phase dif- 
ference between arriving wavelets. The rays from the various Huygens 
dS radiators at points P; of area S in Fig. 338 to the distant field pomt P 
are then parallel in effect. For Fresnel diffraction, we also deal with 
distances r large compared with the dimensions of the primary wave 
front as well as with respect to the operating wavelength, but the distances 
are not of such an order of magnitude that the time phase differences 
between wavelets can be ignored. We even have phase differences if the 
primary wave arrives perpendicularly to the aperture, which acts as a 
mosaic of elementary Huygens radiators. The function D2(1 + cos @)? 
of (902d) is then the Fraunhofer pattern for electromagnetic field energy 
distribution in the distant radiation region, and D,(1 + cos @) is the 
pattern of the field amplitude. Inasmuch as the rectangular wave-front 
radiator of Fig. 338 forces electromagnetic field flux in all directions above 
the plane of the paper, we should expect maximum field effect along the 
+Z direction. For such a direction, we have @ = 0, (1 + cos 6) = 2, 
(1 + cos 0)? = 4, and D, = 1, since 


sin hd sin 6 cos 
r ~ ? ] sine(08) een0 
Dy = 2 =5 


0 undeterminate 


Ta . 
ce sin 6 cos © 


=0 


but sin (0 deg) is the sine of an angle almost 0 deg, or 


. ma . WON: 
sin (2 sin 6 cos °) =~ — sin 6 cos ¢ 


r mn 
and 
Ta. mb. : 
7 sin 8 cos » > sin 6 sin @ 
D, = - x 7]. for 6 very small or 6 — 0° 
wa. wb. 3 
7 Sin 6 COS @ 7 sin § sin @ 


The power directivity yields then a maximum value 


0.5ZoH2S? — 0.5a°b°s2 


(ey ee = 2 ee Fon watts ; | 
(Dp) max = 2 X/105*/?a7b2H?2 = 1.475 X 1078f70%b*s? watts (902e) 

300 
a,b, = — 


f 
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for f in megacycles per second, &, in effective volts per meter and H, in 
effective amperes per meter. We have then 


&2(1 + cos 6)? ne (= ae a) 
D, = 0.125 ab? 


Zier? ra? 
ie sin? 6 
watts in the XZ plane (since ¢ = 0° 
‘ ; ooze) 
of Ones 
ae S211 cos 9)? sin? (~ sin ) 
MGs 2°, ieee 
cs sin? 6 


watts in the YZ plane (since ¢ = 90°) 
In these two characteristic planes, the amplitude directivity pattern has 
the form 


k(1 + cos eee. 


p= ie sin 6 in the XZ plane | 
(9029) 


p= u sin 0 in the YZ plane 


where we have expressions that are well known in optical diffraction 
theory, and we can make use of the computations of Table 70 and the 
corresponding distribution curves, since the parameter p is known from 
(902h). 

With respect to directivity patterns of a slotted cylinder surface, refer- 
ence is made to Figs. 393 and 394, and the description given in connection 
with these figures on page 1036 and in Sec. 250 of the Appendix. We 
can use a single axial slot aperture or several axial slots around the periph- 
ery of the cylindric conduction surface, in order to obtain (approach) a 
circular pattern in the XY plane if the slot as well as the cylinder axis is 
along the Z direction. For an almost circular XY pattern the respective 
slots must be driven by equal inphase voltages and the slots are equi- 
spaced around the cylinder. As far as the XY pattern in the radiation 
region is concerned, it is essentially independent of the axial field distribu- 
tion along the axial slot if the slot width is chosen small compared with 
the operating wavelength. According to E. C. Jordan and W. E. Miller,! 
the vertical directivity pattern of a vertically slotted cylinder is about the 
same as for a slot aperture in a perfectly conducting sheet of very large 
extensions. 

211. Diffractivity Tables and Curves. In Sec. 210, we found that 
in the XZ plane, we have an amplitude field pattern [F, sin (p)|/p if 


1 Electronics, 20, 90, February, 1947. 
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F, = (1 + cos 6) and p = (ra sin @)/A. In the YZ plane, we have the 
ratio b/\ instead of a/d in the p relation. Table 71 gives the evaluations 
in terms of the a dimension but can also be applied to the b dimension 
in place of a. For a slot width a = 1, 2, 5, 10, and 20 cm, we have the 
patterns for the field amplitude of Fig. 339. It applies then to & and 
H, polarizations and formulas (902d), (902e), (902f), and (902g). Fora 
3,000-Me excitation of the primary wave, we deal then with a free-space 
wavelength of \ = 300/3,000 = 0.1 m with the corresponding ratios 
a/d = 0.1, 0.2, 0.5, 1, and 2, respectively. We find the diffraction pat- 
terns in the vertical XZ plane, as in Fig. 339. If there is no backing-up 
screen, as at the mouth of a rectangular wave guide, we also have dif- 
fractivity below the XY plane, but no effect along the —Z direction, 
due to the Huygens factor (1 + cos 6) = (1 + cos 180°) = 0. We must 
realize, however, that at the very end of an open wave guide we have 
a plane with some reflections, since we have also at least one longitudinal 
field component in addition to the tangential & and H fields at the mouth. 
It is the tangential fields that can be substituted by fictitious electric 
and magnetic current sheets. We therefore have such patterns only in 
approximation. Besides, it is difficult to realize that the outside of the 
open-ended wave guide, under such conditions, is free from currents that 
creep around the open edge and ‘are partially caused by such diffraction 
fields. However, the patterns above the XY plane of Fig. 339 should 
give a better approximation. Since the amplitude directivity of such 
a wave-front radiator, as in Fig. 339, with sufficient opening area (in 
order to render the edge effects small) is 


sin p sin p’ 


Doo = (1 + cos @ j 
ve = ( DP | 
p = (sin 6 cos ¢) oe p' = (sin @ sin ¢) a 


in the plane of the rectangular wave-front radiator (9 = 90 deg), we have 


p= > COS ¢ and Dae 2 sin ¢ (9022) 
Figure 339 shows that for a = 2\, there can be no field along the +X 
directions in the XY plane, which is the plane of the wave-front radiator. 
It is understood that the application of Table 71 and the associated Fig. 
339 is much broader, since they apply for the given ratios a/\ generally 
and are not limited to the centimeter dimensions for a, which has meaning 
only if expressed in terms of the 0.1-m wavelength corresponding to a 
3,000-Mc/sec excitation. This is generally true in all radiation problems, 
since it is not the absolute value of a dimension but the value of a par- | 
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ticular dimension in terms of the operating wavelength. In optics, we are 
fortunate, since the wavelengths of all light waves are exceedingly short. 
Thus the green spectrum line from a mercury-vapor source is only \ = 
0.00005461 cm, and it takes 2.54 cm to make aninch. This is the reason 
why we use angstrom units in optics, where one angstrom unit (AU): = 
10° cm. For this reason, even the smallest obstacle in optics throws a 
shadow (gives a dark zone behind it). For the very shortest commercial 
radio waves, we are still in the centimeter, perhaps also in the millimeter, 
range for the wavelength, and we can avoid the no-field zone due to 
a small obstacle, since the wavelength of the electromagnetic wave may 
be large enough to diffract around the obstacle. Let us see what happens 
to the field amplitude in the general case of a vertical plane (a plane 
normal to the wave-front radiator of Fig. 339, making an angle of g= 
45 deg with the XZ plane, and a square-shaped wave-front radiator, 
with sides that are either a half wavelength long or 2d long, respectively. 
Table 72 gives the evaluations and Fig. 340 gives the corresponding dif- 
fraction patterns for the field amplitude. In Table 75 and Fig. 339, we 
found for 6 = 30 deg a dead spot if the vertical pattern is in the XZ 
plane (yg = 0 deg) and a = 2X. This also holds for a = 6 = 2. But 
in Table 72 and Fig. 340, we find that for the vertical plane (¢ = 45 
deg), the dead spot moves about equal to @ = 45 deg, since in Table 76, 
for 6 = 44 deg, we have p = 3.07 and, for 6 = 46 deg, we have p = 3.17, 
where p = 3.14 makes (sin p)/p = 0. Therefore, somewhere between 
44 and 46 deg, we must have a zero field region. Table 73 gives the 
computations for the horizontal patterns of square-shaped wave-front 
radiators for the respective side lengths 0.1\, 0.5, \, and 2d meters. 
The corresponding patterns of Fig. 341 show that for a wave-front area 
of 0.25d? square meters, we have a circular pattern of relative amplitude 
0.637 as against unity value, which is the largest magnitude possible in 
the XY plane, while the value 2 is the optimum value of the amplitude 
normal to the slot, on account of the wavelet factor (1 + cos 6) = 
(1 + cos 0 deg) = 2. All other patterns given in Figs. 341 and 342, in 
the plane of the rectangular wave-front radiators, show that the pattern 
in the plane of the wave-front radiator may break up into lobes, leaving 
regions with no electromagnetic field energy. In Table 73, we note 
that the magnitudes of the D, values, for a = b = 0.14, A, and 2, are 
relatively small compared with the magnitudes of the D, values for a = 
b = /2. For this reason, the patterns in Fig. 341 use a tenfold D, scale 
for the 0.1X, 1A, and 2 sides of the square wave-front radiator in order 
to show the diffractivities in comparison with the 0.5) sides of a square 
wave-front radiator. Table 74 and Fig. 342 show what happens in the 
plane of a rectangular wave front (a # b). The computations are based 


1102 


TABLE 72. 


SHORT-WAVE RADIATION PHENOMENA 


[Cuar. VIIL 


EVALUATION OF THE VERTICAL DirFRACTION PsaTTERN, FOR WHICH 


yg = 45° Is THE ANGLE AGAINST THE XZ PLANE 


—————— rv OO OoOoOmrmrarror 


sin p . 
Doe it Gaia o( 0 ) for e = 45° | De for ¢ = 45° and a =b = 2d 
nee anda = b =; 
: . 2 - : 2 
5 sin p = ) 1 + cos 6 = Fo|' Doo p pare (28) Dw 
Pp Pp P Pp 
0 |0.000}1.0000) 1.000 2.0000 2 .000/0 .00 1.0000 | 1.0000 |2.0000 
4 |0.078/0.999 0.998 1.998 1.99 |0.31 0.9841 | 0.968 {1.938 
8 10.154/0.995 | 0.99 1.99 1.97 |0.615) 0.988 0.88 le tiey 
12 |0.231|0.991 0.982 1.9781 1.94 |0.923) 0.864 | 0.746 /|1.48 
16 |0.306/0.984 | 0.968 1.9613 Ib) gllibseR 0.7663 | 0.586 |1.15 
20 |0.3878/0.976 | 0.952 1.939 1584 10.50 0.661 0.486 10.845 
24 |0.451/0.967 | 0.935 1.913 1.78 |1.81 0.537 0.288 |0.55 
28 10.522/0.954 | 0.91 1.883 1.71 |2.09 0.415 0.172 |0.325 
30 1.866 2.21 0.363 0.182 |0.246 
32 |0.59 |0.943 0.889 1.848 1.64 |2.384 | 0.307 0.094 |0.174 
36 |0.66 |0.929 0.863 1.809 1.56 |2.62 0.1902 | 0.036 |0.065 
40 |0.715|0.917 0.841 1.766 1.48 |2.85 0.10087} 0.0102 |0.018 
44 |0.77 |0.904 | 0.817 1.719 1.4 |3.07 0.0233 | 0.0005 |0.00086 
46 1.695 3.17 |—0.02 +| 0.0004 |0.00068 
48 |0.82 |0.892 0.794 1.669 1.38 |3.26 |—0.05 0.0025 |0.00416 
52 |0.87 [0.878 0.771 1.6157 1.24 13.46 |—0.09 0.0081 |0.0131 
56 |0.91 |0.868 0.753 1.5592 1.18 |8.65 |—0.13 0.0169 |0.0264 
60 |0.955/0.854 | 0.729 15 1.09 |8.84 |—0.16 0.0256 |0.03885 
64 |0.99 |0.844 | 0.712 1.4384 1.02 |8.96 |—0.18 0.0324 |0.0465 
68 |1.02 |0.835 0.697 1.8746 |0.955/4.1 |—0.2 0.04 0.0548 
72 |1.06 |0.823 |° 0.677 1.309 0.885/4.21 |—0.21 0.0441 |0.0578 
76 |1.07 |0.8198) 0.672 1.2419 0.835]/4.28 |—0.213 0.0454 |0.0563 
80 |1.09 |0.8134) 0.661 1.1786 |0.775/4.85 |—0.215 | 0.0462 |0.054 
84 /1.1 |0.8102} 0.656 1.1045 0.72 |4.4 |—0.217 0.0471 |0.052 
88 |1.11 |0.8069} 0.651 1.03849 0.69 |4.41 |—0.216 0.0467 |0.048 
90 |1.11 |0.8069| 0.651 1.0000 0.65 [4.41 |—0.214 | 0.0467 |0.0467 


Remarks (patterns in Fig. 340): Since a = b = 0.5, and g = 45 deg, for which sin g = 0.7071, 


we have in the general diffraction formula of Fig. 340 the arguments p = p’ and 


where 


The value of 5p: is taken from the p = 5p: column of Table 71. 


De.o. = ieeeeetes 


i 


n2 


Pp 
p? 


p = 0.57 - 0.7071 sin @ = 5p1- 0.7071. 


column of Table 71 and multiply by 0.7071. 


Fora = b = 2), we use the p = 20p1 
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Z 
a=b=kA meters 
y) Aperture in XY plane 
i 


A—-| Ex voltlm 
y “ly amp/in 


48° 60° rs Pe --< °48° 
Max possible value is 68 At 5 
horizontal XY plane 


Fie. 341. Fraunhofer equivalent radiation patterns for electromagnetic aperture radiators 
in the plane of the aperture about the Z axis. Note that the 0.1\, \, and 2) patterns for 
the side of the square primary wave front on which the many wavelet radiation centers are 
located require a tenfold large radius vector in order to show up the Dg pattern. 


on choosing appropriate dimensions, so that the evaluations of Table 73 
can be applied. For instance, if we have a slot radiator of dimensions 
a = 0.1\ long and b = 0.5\ meters wide, where a is along the X and b 
along the Y axis, with & and H,, polarizations, we find 


p = 0.17 sin 0 cos g = 0.314 cos g; pp’ = 0.5 sin 4 sin ¢ = 1.57 sin g 


in the plane of the slot. It is then only necessary to use the column of 
(sin p)/p values, for a = b = 0.1 computations of Table 73, and to 
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copy the column values of (sin p’)/p' for a = b = 0.5d of Table Von 
We then multiply the corresponding values of these ratios in order to 
find the D, value of Table 74. In the same way, all the other values of 
Table 74 are found. The corresponding diffractivity patterns in Fig. 342 


Y 


=90° 
60 84 88 38 84 
ee 


~~ 


a 
50 84 &8 |88 84 80 
g=90° 
Fie. 342. Electromagnetic Fraunhofer field amplitude pattern in the plane of an electro- 
magnetic slot radiator of rectangular shape ab, with 6, and H, wave-front polarizations. 


show a great difference for the a = 0.1\ and b = 0.5d slot radiator if 
compared with the a = 0.5\ and b = 0.1X slot radiator. In one case, 
&z is along the’ narrow slot dimension ; and in the other case, it is along 
the longer slot dimension. For &, along the longer slot dimension, we 
have more pronounced radiation in the plane of the slot (larger pattern 
area) and D, in all directions, from ¢ = 0 to 360 deg. For &, along 
the shorter slot dimension, we have, for the above ratios, a very small 
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amplitude pattern, with no radiation whatsoever along the + Y directions 
and emphasis along the + X directions. 
For any space direction, it is now an easy matter to find the Ds. 
values from the relation 
sin p sin p’ 
Doo = (1 + cos 6) Revonmr 
by means of the tables and the corresponding diffractivity patterns given 
in this section. For instance, for a = 0.5) and b = X, for @ = 60 deg 
and ¢ = 40 deg, where @ is the angle with the Z axis and ¢ the angle 
with respect to the +X axis, we find 


p= ~ sin 9 cos ¢ = 1.57 sin 60° cos 40° = 1.57 X 0.866 X 0.766 = 1.09 


p' sin @ sin g = 3.14 sin 60° sin 40° = 3.14 X 0.866 X 0.6428 = 1.78 


(1 + cos 6) = (1 + cos 60°) = 1.5 


From Table 70 or from the corresponding curve in Fig. 335, we find 
then 
sin p _ sin (1.09 radians) 


5 109 = 0.8134 
sin p’ _ sin (1.78 radians) _ 
‘i 178 = 0.55 


Doxeor, e=40° = 1.5 X 0.81384 X 0.55 = 0.67 


Only experiment can tell to what extent such patterns may be of 
value, since, for slot openings that are too narrow, the wave front can 
be unperturbed only when the side of the screen (in which we have the 
slot) facing the primary arriving wave front, is a perfect wave absorber. 
In the derivations of the formulas, we tacitly assumed that the edge effect 
of the slot is also negligible. This, no doubt, requires a comparatively 
large opening. Moreover, according to the classic Hertzian experiments, 
a narrow slot should let radiation pass beyond the aperture only when the 
electric & vector is normal to the long slot dimension and in the plane 
of the slot. The patterns of Fig. 342 show, however, that for an 0.1, 
times 0.5\ opening, wave propagation with & polarizations parallel and 
normal to the narrow side is possible. When taking the vertical pattern 
in the XZ plane of Fig. 339 also into consideration, we note that with 
such screen openings and ratios of a/b, in terms of the wavelengths men- 
tioned above, at least a diffraction ‘‘spill’’ pattern seems possible. It 
must be borne in mind that with the grating used by Hertz for proving 
that the waves are transverse, the wires were fairly close together com- 
pared with the wavelength and a coherer was used as the agency for 
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detecting waves. Weak diffraction fields (‘‘spills”’) then may have not 
been sufficient to cause a response in the coherer. The small figure-eight 
pattern along the +X directions for a = 0.14 and b = 0.5A of Fig. 342 
can be taken as a diffraction spill pattern in the plane of the slot radiator, 
while we can think of the large a = 0.5\ and b = 0.1) pattern as a pro- 
nounced pattern. 

212. Remarks on the D,,, Formula for Computing Diffraction Pat- 
terns of Rectangular Slot Radiators. The diffractivity expression Do, 
used in Sec. 211 is based on two factors of a sine of an angle divided by 
the argument of the angle; while in formulas (9016), the diffractivity 
D; = (sin p)/p contains only one such factor. We also found for the 
general wave function w in (901g) a relation of the form 


w = Kof feo dx dy the result of (901g) 


where 6 = 27/) and the function F(z, y), which defines locations in the 
primary wave-front area of the slot, can be written as a series. Equation 
(901g) has reference to Fig. 336, where 7; denotes the primary radiation 
center located at xo, yo, 20, which is a distance Ry = NV te + y2 2? 
from the origin. The XY plane of an XYZ coordinate system is the 
plane of the screen containing points T2, located at x, y in an aperture 
of the screen. This means that 7s is a Huygens wavelet center. On the 
other side of the screen, we have, at locations Xi, Yi, 21, reception centers 
P,, being a distance R = ~/2? + y? + zi away from the origin of the 
XYZ system. We have then 3 


PiT, =r =V(a1—2? +m — ae lees 
ToT, = 17 = V (ao — 2)? + (yo + UW) inaize 


Te a + y® — (xa + yyo) 
Rp a Vi a Re 


Since the dimension of the aperture is small compared with Ro and R in Fig. 336, 
we have z/Ro, y/Ro, x/R, and y/R also very small. But for n< 1 in Vi1l-+n, we 


find the series V/1 +n=1-+ 0.5n — 0.125n? + ---. Hence, 
_@ ry’ — 2(xxo + yyo) 
a R? 
fay w+ y? — 2(xxo + yyo) — [2® + y? — 2(wao + yyo)]? Bs ade 
Rowe 2R? 8R? 
ety? xtotyyo (xt + yyo)? 
ee! on. Ro i 


In the same way, r/R can be put in a series. Using such results in the wave function 


y= — 3B GOS eIBr+r) dz dy 
Pas Ti Ae 
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yields, for the (901g) relation, the function 


wt y? soe + yoy (vee + yoy)? 


ha DRG Ro 2Rs stag 
Ge yy ey? — mie yay 
Pe R tt Gare one 


= (ao — a2 + Go - ev +5|[(F +5) +”) 


_ (aot + Boy)? — (aa + al ree. 
Ro Rk 


(903) 


for the direction cosines of Ry and R with respect to the XY plane, defined by ao — 


Zo Yo Y1 


Ty , eles 
ye = —,a@=—)and p’ = —- We limit ourselves to only a few terms of such 
ae Bo Re a R’ B R y 

a series. Retaining only the linear terms of x and y yields the function 


iBR(2,y) = ciBl(ao-a)2+(Bo-B')u) = ¢iB(aot—Bov) . ¢—iB(az+B'y) (9038a) 


plane wave plane wave 


The integration must be made over the result of (903a) in Eq. (901g), 
since we are interested only in that portion of the primary wave front 
which occupies the aperture of the screen. Equation (903a) represents 
a multiplication of two plane waves. One plane wave depends on the 
direction cosines ao, Bo (primary radiation center to aperture), and the 
other plane wave depends on the direction cosines a, 8’ (aperture to 
distant reception center P;), where 72 may be any secondary radiation 
center emitting a Huygens wavelet. Since we have plane waves, both 
R, and PR are infinitely (theoretically) far from the screen. This is what 
is known as Fraunhofer diffraction. If we use in the series for F(a, y) 
the next best approximation, 7.e., only terms up to the square of x and 
y, we can account for the curvature of the wave front in the aperture 
(at least for the square terms), and we deal with what is known as the 
Fresnel diffraction. Then since wave-front curvature is considered, Ro 
and R are no longer theoretically infinitely large, and we deal with pri- 
mary radiation and reception centers that are no longer very remote 
from the aperture but still far enough to make the largest dimension of 
the aperture negligible with respect to Ro and R. We must then con- 
sider the time phases. According to (901g), we have the factor 


K 7 B cos § pet (R+Ro) 
a 2rRRo 


It depends only on the location of the primary radiation center and the 
location of the reception center, expressing that Ky is a mere factor. 
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For a rectangular primary wave front (aperture) with the dimension a 
along the X direction and the dimension 6 along the Y direction, we have, 
for the classic wave disturbance w at the reception center, 


w= Kof fear en dx dy (903b) 


where A and B denote the relative coordinates of any reception center 
with respect to the geometric image point O of source 7;. Hence A 
and B have no dimensions, since we deal with the ratio of R (Fig. 336) 
to the distance through which O moves if the radiation center 7; moves 
through unity distance. 


Equation (903b) is a double integral, since both da and dy of the elementary area 
dS = dzx dy of the rectangular aperture must be taken into account for the primary 
wave energy arriving at the rectangular opening and the field energy leaving the 
opening in the form of wavelet energy. On page 1084, we carried out the integration 
only with respect to the x dimension, 7.e., over the limits —a/2 to +a/2, and found 
the result of (sin p)/p, which is shown in Fig. 335. But Eq. (9036) requires double 
integration, for which we have 


+a/2 +6/2 
w= Ko (/ e iBAz dy / « iBBy i») 
—a/2 —b/2 


i ; e- iBAs |2/2 cos (Ax) — 7 sin (BAz) Haz 
e—BAz dx = |— = - 
—a/2 jBA —a/2 jBA |—a/2 
_ cos (BaA/2) — 7 sin (8aA/2) — [cos (—BaA/2) — j sin (—6aA/2)] 
jBA 
but cos (—xz) = cos (x), sin (—x) = — sin (2), and 
+a/2 : +b/2 _ 
/ citas gp = — Sn (60/2), i cist gy = — 8 \GOB/2) 
—a/2 BA /2 —b/2 BB /2 


which, inserted in the above relation for w, yields 


sin (0.56aA) sin (0.58bB) 
0.56A 0.58B 


i) 0 


But Ky = ab/); and if @ and @; are the angles measured from the normal to the aper- 
ture at its center, in planes through the normal parallel to a and b, we find 


1 : ra , , 1 
p = — Basin 6 = —sin 8; p’ = — Bb sin 6; = — sin 64 
2 nN 2 
; ; (903c) 
ab sin p sin p’ 
w= 
Np 


confirming the formulas for Dg,, used for the &, and H, polarizations in Sec. 211. 
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213. Relations for Several Parallel-slot Radiators. Suppose we have 
two rectangular plane-wave-front radiators as in Fig. 343. The total 
wave-front area, with Huygens wavelet centers, is then 2ab square meters 
and requires integration in the expression (903b). We have then only 
to add up the effect of each wave-front radiator at a certain distant field 


VA?+A}-2A, A; cos (/80-a)= 
/ 
| VA2+4s +24, Arcos a 


Ex volif/m 
—=—- = Z = _py 
= Slors i17 
aLe. ; qf a XY plane 
yy y ampli 


Fie. 343. Case of two rectangular apertures exposing primary wave fronts. 
point with respect to the proper phase, just as is done for several linear 
radiators. 


As far as the pattern in the XZ plane is concerned, we find, for the amplitude 
directivity De, that weneed consider only the integral fe—#®4" dr and have for j8A = q 


(-d+a)/2 (d+a)/2 ax|(—4+0/2 | y,|(d+a)/2 
adr = et dx + / ef dx = |— = 
(—d—a)/2 (d—a)/2 q |\(—d—a)/2 qd \(d—a)/2 
i 1 [er(—dta)/2 — ¢9(—d—a)/2 =e er(dta)/2 _ eu(d—a)/2] = 
q 
€0-5q(d—a) — e0-5a(d+a) + ¢0-5a(d+a) a ¢9-5q(d—a) 


q 
but ; 
0.5¢(d + a) = 90.58A(d +a) =jv; —0.5g(d — a) = J0.58A(d — a) = jr’ 

ef@ — ¢i2 = 27 sin 
hence 


e0-5a(d+a) _ ¢—0.5q(d+a) __ [€0-5a(d—a) a e—0-5a(d—a)] 
a dz = 


q 


el” — €5 3? — (el? es?” ) Be is 
eee = J - (Si 
q 
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q 
é mF, R c _ *) (: + ) 
sin-y — sin yp’ = 2 sin cos 
2 2 


. BA(d +a) —-pAd—a) BAd+a) +A —a) 
n cos 


3 ae 
sin vy — sin p’ = 251 
2 2 


2 sin [0.5 X 0.5(28Aa)] cos [0.5 X 0.5(28Ad)| 


ae BAa BAd 
= L —- —- 

9) 08 : 
Therefore, 


a d Ae BAG, BAd 2 at BAa ee BAd 
Ad ———— — Ss | — = — —— 
Mem GA a \ 2} °° \ 5 0.58A 2 2 
sin p BAd 2. . [rAa rAd 
= 2 —— cos | — ] = — sin | — ] cos{ — 
p 2 A r 


If @ is the angle in the XZ plane with the Z axis (normal to the central symmetry 
point of the slot radiator array), we have, in any 6 direction in this plane, p = 
(ra sin @)/d. In front of the integral, we also have the Huygens wavelet forward- 
movement factor (1 + cos 8). 


Il 


sin vy — sin v’ 


The diffractivity D, in the XZ plane, with the two parallel-slot radi- 
ators in the XY plane and the origin of the XYZ system as symmetry 
point of the slot array, then becomes 


Ds, = (1 + cos 6) sn ae sin 6] cos (2 sin s) (903d) 


The outcome of the integral fe dx can be readily checked by the fact that the 
effect at any reception center due to two equal slots laid out as in Fig. 343 is nothing 
but the resultant of the effects due to each slot radiator if added vectorially. We 
have found that the amplitude A; of a single-slot radiator a meters wide is, in the 
XZ plane for Fy = 1 + cos 6 and p = (ra/d) sin 6, equal to (kF9 sin p)/p, where k 
is a proportionality constant. But when two vectors A, and A. with a relative phase 
angle a are geometrically added, according to Fig. 343, the resultant vector becomes 
/ Aji + A} +2A:A2 cosa. But the amplitudes of respective slot radiation fields 
are equal, and the phase angle @ is due to the path difference d sin 6, so that 


20 


5 2 sin 8 = Bd sin 8 


a 


since all wavelets start out in the plane wave front of either slot with the same phase. 
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The resultant amplitude A,, therefore, becomes 


TEEN BY 0 ics VOR VER EN EP Via, fee 


cere: 
= 2A, fi #008 on cog = 94 SDP 
Nahe 2 


ie sin [(ra/d) sin 6] wd ; 
= 2k(1 + cos 6) Gah) ain 6 a cos sin s) 


=Dz5 


a 
F 4 cos 2 


which confirms the above formula. 


From the expressions of identical inphase linear radiators, we know 
that the main beam can be made sharper by using several linear radiators. 
This should then also be the case for N equal parallel-wave-front radi- 
ators as in Fig. 343, where N is equal only to 2. The field amplitude of a 
single-slot radiator at a very large distance is again A, for reception 
centers in the XZ plane of Fig. 348. The field contribution due to the 
adjacent radiating slot is Aj«~**, where a again denotes the phase delay 
Bd sin 6. The resultant field amplitude at the reception center due to 
N parallel-slot radiators then becomes 


Wier Alit ent ete tie ye] 
n=N-1 
iy 1 — eine 1 — cos (Ne) + j sin (Na) 
ca) eine = Ay ————_— _ = Ay —_~__ 
1 —e«7 1 —cosa+Jjsina 
n=0 


The received power is proportional to the square of the field amplitude, and 


(1 — € 7N@)(] — <iNa@) 

[1 — cos (Va) +7 sin (Na)][1 — cos (Na) —j sin (Na)] 
(1 — cos a +7 sin a@)(1 — cos a —j sin a) 

1 — cos (Na) AR 


1 


A? = A? 


1 — cosa 


The received field amplitude then becomes 


8 ~ (Bee _ 4, sin Wa/2) 


1 —cosa * sin (a/2) 


Inasmuch as the relation for the single-slot radiator is the elementary 
characteristic and the relation just derived the group characteristic, we 
need only to multiply these characteristics in order to find the total field 
amplitude pattern, and 


sin [(7a/X) sin 6] sin [(rNd/X) sin 6] 
(xa/d) sin 6 sin [(rd/d) sin 6] 


Deora C3 kq as cos @) (903¢) 
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where Dyota/k is the diffractivity D»y in the XZ plane for N parallel-wave- 
front radiators in the XY plane (as in Fig. 343 with the origin of the XYZ 
system as the symmetry center for the N parallel rectangular wave-front 
radiators). For N = 2, we find the wave-front separation factor 


_ sin [(7N/X) sin 6] _ sin [(2rd/X) sin 6] 


* sin [(rd/\) sin 6] sin [(@d/A) sin 6] 


nd 


For X 


sin @ = m, we have 


sin (2m) _ 2 sin (m) cos (m) 
sin (m) 7g sin (m) 


8 


= 2 cos (m) = 2 cos (# sin ) 
which checks the result found before. 

214. Comparisons of Radiation Effects of Electromagnetic Huygens 
Wavelet Center Radiators with Normal and Inclined Primary Rectangu- 
lar Wave-front Incidence. So far, we have discussed the cases for which 
an aperture is in the plane of the arriving plane primary wave front. 
This is what is meant here by normal wave incidence from the actual or 
primary electromagnetic radiator. The angle y of incidence is then the 
angle between the normal to the plane of the rectangular aperture in a 
screen and the wave normal. By wave normal is meant the normal to 
the arriving plane wave front. The angle of diffraction 6 is the angle 
that the path from the symmetry center of the aperture to the distant 
field point makes with the normal to the aperture. For normal wave 
incidence, we have then y = 0 deg, if taken with respect to the normal of 
the aperture pointing toward the arriving plane wave front. It is an 
angle equal to 180 deg, if taken as in Fig. 334 with the normal of the 
aperture pointing toward the distant field region, toward which actual 
wave progression takes place. If the rectangular aperture is again in 
the XY plane as in Fig. 338, we have, for the power directivity D,, the 
comparisons 


82a7b?(1 + cos 6)? 


D, = 0.125 ZX D, watts 
wu fara. fad ne 
sin & sin 6 cos e) sin ee sin @ sin e) 
iD, = : 
Ta. wb. ‘ 
7 Sin 4 cos » 7 Sin G sin ¢ 


for normal primary-wave-front incidence (y = 0°) ae 


sin { [sin (8) cos (vg) — ¥] sin é sin @ sin e) 
rr Ta 
ix? 


[sin (@) cos (¢) — ¥] = sin 6 sin ¢ 


for inclined plane-wave-front incidence (wp is small) 
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where 6 and ¢ are in degrees, y in radians, a and b in meters, &, in volts 


per meter, H, in amperes per meter, \“™ = 300/f™), and Z) = VS) & 
376.7 ohms. In either case, it is assumed that the wave normal is parallel 
to the XZ plane (as in Fig. 338), and we have, in either case, essentially 
indicated &, and H, fields. 


Owing to the increasing phase lag for inclined wave incidence, we must account, 
along the X direction, for a Bri delay for the wavelets and have the comparisons 


iF 2 Nes ie i821 sin (Poss ¢° iB, sin 0° sin i fie. dy, 
S=ab m= —a/2 Jyi= —b/2 


for normal wave incidence 


ial an (Bs bf2 {8x ,(sin 8° cos ¢ —W) ¢iBy1(sin 0° cosy) dx, dy, 
—a/2 J —b/2 


for inclined wave incidence 


for the double integral, for summing up all the Huygens wavelet effects. The evalua- 
tion of these respective double integrals is, according to the details of (902d), to be 
multiplied by the square of the Kirchhoff factor (1 + cos 6)? and 83a%b?/(8Zod?), since 
the double integral yields only the square of the Huygens amplitude group charac- 
teristic D,, where D,(1 + cos 6) is the 
Slot aperture acts amplitude space characteristic of the 
ee et. wave-front radiator. We note that in 

the plane of wave incidence, (904) sim- 
plifies greatly, since » = 0. 


215. Possible Applications of 

Peer oC — Parallel-slot Radiators and Field 
ae Patterns. This discussion refers 
to several rectangular wave-front 
radiators. We know from a paral- 


lel-wire transmission line that a 


Rectangular window : 
acts like a condersor shunted inductance across the line 
Simin parallel with ; . 
<a an fndlictarice will cause storage of magnetic field 


energy, just as a condenser across 
the line will cause a storage of elec- 
tric field energy. Therefore, when 
an inductance and a capacitance 
are connected across the same 
points of a double line, the stored field effects will be partially electric 
and partially magnetic; and for a certain frequency, we shall have 
parallel resonance, which for a high Q value of the combination 
places in effect a very high impedance across the double line, so that 
hardly any reflections take place where these reactances are connected. 
This means that the capacitance and the inductance act as though not 
present. Now if we have (Fig. 344) a rectangular wave guide that is 


Fie. 344. Rectangular apertures in the 
cross section of a rectangular wave guide. 
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excited, for instance, with a TE1,o wave, the shorter side is customarily 
parallel with the direction of the electric & polarization and vertical. 
_ If we insert into the guide a metal screen A with a slot that is parallel 
with the transverse & field, a current can readily pass from the top to 
the bottom faces with an essential magnetic local field. This is equiva- 
lent to saying that the metal screen with the vertical slot acts, in effect, 
as an inductance. Placing the screen so that we have the slot normal to 
the transverse & lines as in Fig. 344B, no conduction current can flow 
from the top to the bottom, but charges will be stored on the upper and 
lower portions of the metal screen. This means that the local field must 
be essentially electric, and we have 


in effect a condenser action. If we Y yy 
use a window aperture in the metal (a 

in Fig. 344C, weh ith y 
Be eictascs or norltant ZZ 
it tion, dependi th eee: | 
Be hicsofthoaperiuredinen 4 Y WW: 


sions. In all three cases, we have 

wave reflections at the plane of the 

screen, since during one half of the Ca Ae We 
cycle field energy is accumulated and es 345. A curtain of wave-front radia- 
during the other half of the cycle ; 

it is returned. This means that at the plane of the screen with the 
aperture, we have a wave motion in either direction. We have quite a 
range of pass frequencies between the lower cutoff frequency and the 
next higher mode cutoff frequency. Therefore, when the metal screen 
is placed at the end of the guide and the ratio h/w in the metal screen 
is properly chosen or the frequency of the TEi,> wave is properly adjusted 
or both adjustments are made properly so that the capacitance effect 
just cancels the inductance effect, then the end face of the guide acts as 
a very high impedance and the end face acts as though it were not 
present. We have then created a rectangular Huygens slot radiator of 
area hw square meters if we ignore the effect of the longitudinal H com- 
ponent, which also arrives at the opening. This component, however, 
will not be responsible for the radiation action in the distant field region. 
We can therefore cut several equal windows in the end metal screen and 
cause equally separated wavelet slots. We can also arrange slot radiators 
as in Fig. 345, which may be cut in the aperture of a paraboloid if the 
aperture is closed with a metal screen having such slot openings in it. 
This assumes that the rear of the screen must absorb the arriving wave 
energy and that only reflected waves from the parabolic mirror are 
responsible for the field in the slots. Therefore, the forward radiation 
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from the actual linear radiator in the focal line must be prevented. Such 
requirements are by no means an easy task from a practical point of view. 
The rectangular openings could also be the open ends of six rectangular 
wave-guide branches, which cause inphase fields at all slots. Table 75 
gives the computations for multislot electromagnetic radiators. The 
computations are for the XZ diffraction pattern for a = 0.1\, d = 0.3), 
for N = 2 and N = 5 slot radiators, respectively. For a = 0.1\, we 
find p = 0.314 sin 6, since p = (ra sin @)/A. For d = 0.3, we find 
q = (rd sin 6)/X = 0.942 sin 6. For N = 2 rectangular wave-front radi- 
ators, as in Fig. 348, with the a dimension along the X axis, the slot in 
the XY plane, and the separation d between centers of adjacent slots, 
formula (903e¢) holds, and we find for the XZ plane 


sin p 
Pp 


De = 2(1 + cos 6) Cos g 
For five slots (VN = 5), formula (903e) gives, for r = (rNd sin 6)/d = 
0.942 X 5sin @ = 4.71 sin 6 and gq = (rd sin 6)/A = 0.942 sin 6, the 
amplitude pattern 


sin p sin r _ (1 Ba 8) sin p sin (5q) 


Do Saat 008 8) p sing p sin (q) 


In connection with such computations, we must realize that the separa- 
tion factor (sin Nq)/(sin q) approaches the value of N for 6 = 0 deg, 
as is brought out under Remarks in Table 75. This is evident also 
from the fact that 6 = 0 deg is equivalent to the approach @— 0. But 
such an approach means that sin (Nq) = Nq radians, sin (q) & q radians, 
and 

sin (Nq) _, Nq 

STC) ae 


Radiation along a @ = 0 deg direction means radiation along the Z axis 
or along the direction normal of the common plane of the slot radiators. 
It is normal to the common plane of all slot planes, through the symmetry 
center of these planes. But for 6 = 0 deg, we also have the forward 
Kirchhoff wavelet factor 1 -+ cos 6 = 2, which is another maximum 
condition, meaning that for V = 2 and 6 = 0 deg, we have the amplitude 
directivity Ds = 2N = 4 and the energy directivity D»? = 16 in either 
case, in comparison with the unity value, if only one slot radiator is 
present. This is, therefore, an improved field advantage in comparison 
with linear radiator arrays, since even with one wave-front radiator, we 
have an optimum gain because of the forward factor (1 + cos 0). For 
N = 3,7.¢., three equal rectangular wave-front radiators, we have, normal 


=N=5 for @— 0 


1119 


ELECTROMAGNETIC DIFFRACTION 


Src. 215] 


“d IO} OL GBI, Woy punoj SI | “VEO = P PUB YTD = P IO¥ 
‘0 = @ JO} oNTBA BurzraNI] ey} SI Gg o1eyM ‘g = [(5) UIS]/[(5g) UIs] pus ‘suvIpel G/[Q'O = 5 us useyy ‘sueIper [0°90 = be = (5g) us pug pue 
‘SUBIPBL [0°0 = @ SB Yons ‘ajZuv ]JeUIs AIOA B UeY} PSOO4D 9M = “8}BUTUIIOJepuN ~Q/Q = [(5) UIS]/[(b¢) uIs] oAvY om ‘Q = g pus bg =-4A0y!z = B soo | puy OM 
‘0 = @ 800 Joy ‘+b soo Z = (6 uls)/(b soo b us z) = [(2) urs]/[(5Z) urs] ovvy om ‘sioqerper g = Ay IO} By} sMoYs ‘op E76 = suvipel db puvg uis (Y/px) = boioym 
*((0) urs]/[(Bay) urs] 10408} UOTPBIVd9S OY} YIM EFE “SI UI SB P pue D YPM SLOPVIPBI YOTS AT IO} (2E06) B[NUIIOF UO poseq oI SsUOI}eINdUIOD OY, :syuvwagy 


suolen[Bagq 


I¢ I—| €¢°I— | ITI8°0 |8666'0—| 122] 12°% |] G2¢°0 | 89°01 2% FS] Zh6 0 | L886 0 r1¢'0 | 000°'T | 0000'T | 06 
GZ I—| Sez 1 18°O0 |8666'0—| 122] IL | $69°0 | F98G'0 | I’ FS] TFE'O | 6E86'0 e1e'0 | 666°0 | €zg0 1] 28 
8G I—| 88° T— | 608°0 [0000 T—| O22] 2°F | S09°0 | szsc‘0 | O'FEe] F6°0 | #86°0 ZIg'0| 766°0] SOT |] F8 
ch I—| ve I— | 208'0 |9866'0—| 292) S97 | z289°0 | g86¢'0 | gee] 60 | 2F86°0 608'0 | 886'°0 | F9ST'T | I8 
6h I—| S@ T— | $962'0 |S466'0—| +92] 9°F |] 22°0 | 9709'0 | 8°zel z6'0 | 9F86°0 908°0 | 8246°0| 800 T | 8Z 
SvS"I—| SZ I— | Z06L°0 |4286'0—| 192] seh] 92°0-| 6z19'0 | z:ze| 16:0 | 6F86°0 roe'0 | 9960] 6S9a°T | SZ 
S8o°I—| €Z2 I— | 8782°0 \e026'0—| 9¢z| gr PF 80 | 8619'0 | Z°Tg 6'0 | 1&¢86°0 £0} 196°0| 608°. | 22 
v9 I—| S@o'I— | 8LL°0 |ITS6°0—| ZSz| + F]| G8°0 | Fee9'0 | 2:0¢] 988°0 | 9486-0 ¥62'0 | ¥86°0 | P8SE°T | 69 
99 I-| ZI-— | ¥092'0 |SeI6'0—-| 9F2| °F 60 | #669°0 | $'6F| 298'0 | F986'0 9820 | $816°0 | 20r°T | 99 
89'T—| SZT'I— | 82F2'0 |9¥48'0—-| TZ] 27] G60! 6299'0 | 78h TH8°0 | 286°0 8z'0 | 168'0| #Sr'T | 9 
v9 I—| IL’ I— | 8424°0 | 608°0—| FEZ} 20°% | ToL | sgg9°0 | 2:9F| Z2T8°0 | 82860 1ZZ2°0 | 998°0 Gt | 09 
9g I—-| eO'I— | SILO frIsz0—| 222} See | 20°1 | zz0L'0 | FGF] 62°0 | S8g6'0 €9Z'0 | 2888'0 | 9FFG'T | Lg 
vy I—| ST6°0— | 9689°0 je6z9°'0—| 61z} 18°¢ | FIL | sezz'0 | 9:eF! §©92°0 | zeR6°0 ¥9z'0 | 608'0 | 828¢°'I | #¢ 
GIZ'I—| ¢2°0— | 8299°0 ¢0-| O1Z g9o'e G WiSrrA OneOalrie eels 0 660 7P2'0 | 222°0 | 629'T | TS 
26'0—| €99'0— | SS79'0 [F8ce'0-—| Oz] ee] zz°T | se92°0 | z'OF L°0 | 8066°0 7Ez'0 | &FL'0 | 16991 | 8F 
S6r O—| 16Z'O— | T1Z9'0 |2zst 0—|G O6T| zee | Eset | 2e8Z2°0 | F'8e| 899°0 | 6166'0 TECHONEZOL 0 | 1ZOL en |e Gr 
1S0°0—|S6Z0'0— | 168°0 |[¢Z10°0—| I81] ete ¥ I} 208'°0| 298] 99°0 | 8266'0 6020 | 699°0 | TgrZ°L | oP 
z9S'0 | 8Ig'0 LLSG°O |TZLZ1°O |8°69T| S6°% | ZF T €8°0 | 6g] 69°0 | Sg66'0 L61'0 | 629°0 | TLLL°T |. 68 
6Cals 11 9020 $290 |9FZg°0 8ST] 94°6 | €S°T | 21980 | 9’Ts| zgsc'0 | FFE6'0 F810 | 8890} 608'T | 9¢ 
c0'% 60°T ¥E6F'0 |€2E9°O |G 2FT| L¢°% 9°T | 70280 | $'6z| S1S°0 | 2966'0 TLV |) SF9° 0 \ELSES aieiee ce 
6% Got GSSr 0 |TZ02°0 GéT| Ses} 99°T | 2068°0 | T'2z| LPO | 69660 LS1°0 G0} 998'T | Og 
8g GCOWG LEIF'O |28g8°0 SPA AL vei] a4 16°0 | &'¥z| 92F'0 | 9966'0 Zvi O) le ver 0 le] 168 ab eee 
GLt Shs G9LE'O |249E6'0 |S°OTT] Z6°I | 94°T | $926°0 | T°ezl_ S820 | 2266°0 8Z.'0 | 207'0 | SEI6'T | Fz 
8°¢ 0's GOee 0 |Sz66'0 16 | 69'T | @8°1 | 88h6'0 | S'6T| z2Ee'0 | 8660 ZITO | 8980 | S886 I Iz 
89 SF's LS8Z'0 |6266'0 €8 | SPI | $98°1T | €896'0 | 9°91] 62'0 | #866'0 160°0 | 608°0 | IIS6'L | 8I 
jaf 6g 61FZ'0 |2686'0 OL |- 23°T | S06'T | £026°0 FI| ¥¥FS'0 | 6866'0 180°0 | 6Sz2°0 | 69961 | ST 
¢'8 ra GZ6I 0 | 6Z8°0 99 | 86°0 | ¥6'T | 8086'0 \Sz°I1| 961°0 | ¢666°0 | $g90°0 | .80Z'0 | T8Z6°T | ZT 
968 cco T SLVT'O |41Z9°0 [2 ZF | 96L°0 | L6°T | 686'0 | $°8 | 8FI'0 | 9666'0 | Z6r0'0 | F9ST'O | 2Z286'T | 6 
$'6 9L'¥ €660°0 |IPZy'0 |§'8% | F6F'0 | 86'T | $66°0 |29°¢ | 860'0 | 8666°0 | 8ze0'0 | SPOT'O | SF66'I | 9 
666 6 00°¢ 8870'0 EFS 0 {I FI | 9720 | 66°T | 88660 |E8"% | F6F0'O | 66660 | Z9T0°O | €290°0 | 9866'T | & 
000'0T |0000°¢ 0000°0 |0000'0 |0°0 | 000'0 | 000°z | 0000°T | 0°0 | 0000°0 | 0000'T | 0000°0 | 0000°0 | 0000°z |0°0 
SUBIPBL SUBIPBI 
buts ¢ d 

oq : V = | Sep 
9 soo+ [| ‘6 


(Z = NA). SlOZVIPBI YOTS-OM T, 


(OF DI) SHOLVIGVY LOTG TIVUAATS BHOr NOIWLVOTVAY NYGLLV I "C) ATEAV,] 


, 


1120 SHORT-WAVE RADIATION PHENOMENA [Cuap, VIIT 


to their plane and through the symmetry center, an amplitude directivity 
of 3N = 9 and an energy directivity that is 81 fold compared with the 
value for only one wave-front radiator. It must be realized, however, 
that this is true only for the Fraunhofer diffraction patterns, but such 
patterns should apply in some cases. Only experiment can actually tell 
if such field gains can be realized in practice. Figure 346 gives the field 
amplitude (De) patterns in Cartesian as well as polar coordinates. The 
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Fig. 346. Principal vertical Fraunhofer field amplitude patterns for two- and five-slot 
radiators. 


plot in Cartesian coordinates is much better if readings are taken from 
the plot, z.e., for graphical interpolation. We computed only for every 
3 deg for the angle @; and for a high order of patterns, it is likely that 
zero field regions and maximum field regions are missed by such angular 
steps. For the plot in polar coordinates, it is then difficult to read off 
accurately near zero field values, but it is an easy matter to do this 
for a plot in Cartesian coordinates. However, this feature is completely 
offset if we desire a mental picture (a feel) of what happens in actual 
space. It is the polar plot that will tell what takes place. We see, for 
instance, that the area of the side lobe in the XZ plane and for polar 
coordinates is not so serious in comparison with the main lobe; while 
for the plot in Cartesian coordinates, the side lobe becomes altogether 
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too prominent. It is seen from Fig. 346 that for two slot radiators, the 
field is over the entire quadrant (in reality, all over the left quadrant, 
which is not shown). We then have no regions of zero electromagnetic 
field intensity. For five equal wave-front radiators, the radiation is 
decidedly diverted toward the Z direction. This is evident, since we 
found that along the normal symmetry axis, we have a twofold N value 
for De, v.e., 2 X 5 = 10 relative amplitude directivity. Therefore, for 
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Fie. 347. Effect of slot separation for a two-slot radiator. Note: A larger ratio d/a, i.e., 
more slot separation, favors better main beaming but also emphasizes the intensity of the 
side lobe, which has opposite polarity. 


angles of @ toward @ = 0 deg, we cannot expect small Dy» values, and we 
have decided forward main beaming. According to Fig. 339, a width 
a/ = 0.5, instead of a/\ = 0.1, gives a larger directivity area for a 
single-slot radiator polarized as in Fig. 346. This is done in the evalua- 
tions of Table 76 and in the amplitude directivity patterns of Figs. 347 
and 348. In Fig. 347, we note that the base width of the main beam in 
the XZ plane is 2 X 19.75 deg for a = 0.5) and d/a = 3 but is as much 
as 2 X 42 deg for a ratio d/a = 1.5 for the same slot width a = 0.5). 


It is important to realize that with more than one rectangular wave-front radiator, 
we no longer have conditions that can be termed a ‘‘pure”’ diffraction pattern but 
we have what may be called an ‘‘intermodulated”’ diffraction pattern, owing to mutual 
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slot pattern interference. The reason for this is that a pure diffraction is the result 
only at a particular distant field point, because wavelet interference arrives at the 
point from all the secondary radiation centers of one and the same rectangular wave- 
front radiator. For two or more slot radiators, even though in time phase, each par- 
ticular primary rectangular wave-front radiator causes a pure diffraction field at the 
distant space point, and it is the three diffraction fields, in the case of three slots, that 


A 


02/275 Reference 
a=0.5A \ “0 circle 
d.3 : 

a 
90° E~ ana\ 
DP \ ° a=O7A 
a 
608 
70° SH 
+X @=90 —— ye ——- — - ——-- = 90-* 4X 
00°77, 
7 
soo \oren a=0.5A; 215 
50° ee ; 
20} 
a-05A; 4= A 
Ve ey 


x aM 
Ex volt /t7 (is 
and patiern 
ir? XZ plane; v 
slots 1 XY plane FZ 


N=2 slot radiators 
b dimension does not attect 
the XZ pattern for Ex, Hy polarization 


Fig. 348. Polar Fraunhofer field amplitude pattern (semipattern) for different slot width to 
slot separation ratios. 


interfere with each other at the field point and cause the resultant field. The forward 
_ factor (1 + cos @) exists in the diffraction expression whether we deal with one or 
several slot radiators. But for more than one radiator, we must multiply the (sin p)/p 
function by the separation function [sin (qNV)]/(sin q), as is seen in Fig. 346. This is 
also mathematically a more complicated mechanism than in the case of a single 
wave-front radiator. It has about the same relation to the single wave-front radia- 
tion condition as an AM current has to an unmodulated carrier current. This is 
brought out in Fig. 349. The AM current envelope has then the characteristic of 
the current that modulates the carrier level. The envelope of the resultant amplitude 
diffractivity pattern has the characteristic shape of the single-slot pattern, which is 
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the (sin p)/p pattern. Therefore, only the a dimension for the ZX pattern is instru- 
mental in the envelope characteristic of the resultant diffraction pattern for several 
slots. However, by means of the [sin (qN)]/[sin (g)] function (where g = (rd/}) 
sin 0), the separation dimension d plays a part as far as the number of field oscilla- 
tions under the envelope are concerned, just as the carrier frequency of a modulated 
current determines how densely a modulation envelope is filled out with carrier- 
frequency current. The acuteness of the main or principal beam has much to do 
with the ratio d/a. It is the ratio a/) that fixes the acuteness of the principal beam 
of one slot radiator by itself, since (sin p)/p, for p = (ra/d) sin 86, fixes the base width 
of the principal beam of the envelope by the values (a/A) sin @ = +1. This is the 
case because the envelope curve cuts the first time symmetrically through the abscissa 
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Envelope Ly tly sin wt i 
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Fie. 349. The intermodulation of the group characteristic and the characteristic of a one- 
slot radiator. 


axis whenever p = +7. Hence, when we can fill out the single slot or envelope 
characteristic only with the main beam (due to a suitable separation distance d), 
we can expect a sharper main beam with only small side lobes. This is the case, because 
the envelope amplitudes fall off rapidly beyond p > +x. This is brought out in 
Fig. 350. We note that the number WN of equally spaced and phased slot radiators 
(where a and d are fixed) affects the number of field oscillations. We have then 
several principal beams, such as A, B, C, D, E, ete. For an infinite number of slots, 
the consecutive main lobes change, as it were, into spectrum lines. If the slot separa- 
tion d is properly chosen, we may find essentially only one principal beam. This is 
indicated in the lower representation of Fig. 350. It then seems advantageous to 
choose the slot width a comparable to the slot separation d. 


216. The Diffraction Pattern of the Electromagnetic Wave Escaping 
from a Rectangular Wave Guide. Inasmuch as we have no return 
conductor in a wave guide, we need either an additional longitudinal H 
component for a TE wave or an additional longitudinal § component for 
a TM wave. We shall discuss in this section radiation effects due to a 
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TE wave, which is written as TE,,,. We have then a twofold infinite 
number of possible waves, corresponding to combinations of integers m 
-and n, where we have m half sine variations along the X direction and n 
half sine variations along the Y direction. The TEi,o is the dominant 
wave and is independent of one dimension of the rectangular cross section 
(the 6 dimension along the Y direction). By making this dimension 
small enough in comparison with the a dimension along the X direction, 
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Fic. 350. Field energy distributions. a and d are fixed. 


we have the feature that the TEi,o wave will pass only along the guide 
with a lower cutoff frequency 


eee 200 Mce/sec; a in meters and —— —=3 X 108. 
2a ine 2a i 
m/sec for air (905) 


te = 


since for this mode, the longest wave that ever can pass through the 
guide must be shorter than \., = 2a meters. This mode has also the 
inherent advantage that the attenuation due to the finite conductivity 
of the metal around the air dielectric is comparatively small. Figure 
351 shows that within the guide the transverse field associations &, volts 
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for the TE1,0 wave 
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Fic. 351. Conditions for TE,,o waves in a rectangular wave guide. For TE1,0 wave 
m =1,n =0, . = 2a meters. X, is a guide wavelength and is always greater than the 
unbounded wavelength ) in the same medium (Aair = 300 /f™e/see)) , 


per meter and H, amperes per meter are such that 


K 


where f denotes the operating frequency and f, is the frequency of the 
TE1,0 wave from which on and below which no wave propagation through 


Sve Z: = a ohms; Zo = “B & 376.7 ohms for air 
(9054) 
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the guide is possible. Beyond the open end of the guide, we have, in 
the radiation region, the field associations § and H, and &/H = 376.7 
ohms. We have also a longitudinal H, field, as in Fig. 351, within the 
guide. Hence, a transition must take place at the mouth of the rec- 
tangular wave guide and close to it in order to bring about the required 
impedance transformation. For customary radiation from a current- 
carrying conductor, this done by the induction field interlinked with the 
conductor and inseparable from it. This field acts, as it were, as an 
electromagnetic catalyzer, which is no longer present in the true radiation 
region but is part of the electromagnetic field structure in the near region 
of the’ radiator. We also know that close to a radiating linear conductor 
we have a longitudinal electric field component. We must make assump- 
tions so that we can consider the mouth of the guide as being made up 
of an electric and a magnetic current sheet. We assume, therefore, that 
the discontinuity at the mouth does not change the transverse fields 
&, and H,. We also assume that no current creeps around the guide at 
the open end; 7.e., we consider the outside of the guide free from charges. 


Strictly, the transverse &, field arriving at the opening is Z, times the value of 
the transverse H, field [according to (905a)]. The impedance Z, can be equal to the 


characteristic impedance Z» for unbounded (unguided) space only if p = 4/ 1 — (f/f)? 
=1. This means that (f./f)? must be negligible compared with unity. The oper- 
ating frequency f must then be high compared with the cutoff frequency. From the 
&, field distributions for the consecutive TEm,o modes in Fig. 352, we note that we 
have half sinusoidal, full sinusoidal, and one and a half sinusoidal distributions along 
the a dimension of the guide. Therefore, the consecutive cutoff frequencies are given 
by 
300m 


le = 2a ; i) =, 74, 6h Oe (905d) 


where a is in meters. This means that for an operating frequency f equal to about 
twice the cutoff frequency of the TE:i,o wave and larger, TE2,) also can pass. For 
a frequency f equal to about three times the cutoff frequency of the TE1,9 wave and 
larger, both the TE2,) and TEs.o waves also can pass in the guide. Hence, (f./f)? 
= 0.25 is the smallest value for which only TEi,o waves can exist at the opening of 
the guide. We have, for the phase velocity c’ along the guide and the corresponding 
wavelength i,, 


; c 3 X 108 ) 
C2) ==] SS 
i EET, (f/fye m/sec 
(905c) 
ON 300 300 


i 
j V/1- Gi Tes/pge ™ 
where f is in megacycles per second. 


If we are not operating too close to a possible cutoff frequency f, or 
beyond it, with only TE:,. waves, we can assume that we have no serious 
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wave-front distortion. Suppose we deal with a distant reception center 
P, located at r, ¢, 6. At any point Po, with coordinates x, yo, 20 = 0 = z, 
we have an electromagnetic Huygens wavelet radiator dS = dxo dyp. 
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Fie. 352. Radiation vector L, in vertical YZ plane (¢ = 90° everywhere, but 6 = @°). 


Over the entire area S = ab square meters, we have the tangential field 
associations 


& = & sin a volts/m; Hy =e g, amp/m 


2 
fn ft 376.7 feos; ee ay ee @ 


(905d) 
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for the guide excited in the TE; mode. The sinusoidal mxo/a function 
satisfies the zero electric field requirements on the metal surfaces x) = 
+a of the guide. If d(m.) represents the moment of an element of 
electric current at Po, the corresponding! differential magnetic radiation 
vector is dN = ¢—%8V 2° +u08 cos ¥q(m,) meter - amperes. In the same way, 
an element of a magnetic current sheet in the opening plane of the guide, 
by virtue of its magnetic current moment d(m,,), causes a corresponding 
differential magnetic radiation vector dL = ¢—J6V20? +0? cos ¥d(m») meter - 
volts. The total radiation vector effects, at reception center P, are then 


N = fe —jB/ 202+ yo? cos ¥d (me) m- amp 


Tis {fe —jB/ x0? yo? cos ¥d(Mm) m-: volts 
cos Y = cos 6 + sin @ cos o(¢ — go) 


In these expressions, 1/2? + y2 is the distance OP) from the symmetry 
center O of the opening (this is also taken as the origin of the XYZ 
system) to the surface element dS = dz dy at Po, which is a’ Huygens 
radiator. The direction OP with the direction OP) makes the angle y. 
Since the general location of Po is xo, yo, go and if P is r, ¢, 6, the above 
cos ¥ relation holds. Inasmuch as we have, in the guide opening, the 
tangential field associations & = & sin (rao/a) and H, = — p&y/Zo, we 
have the elementary moments 


d(m) = —HzdS; — d(tm,) = —&, dS 


The respective radiation vectors then become 


zo=a/2 yo=b/2 
: TL . : 2 ) 
ie =o sin | — ] ¢48(zoc0s ¢tuosin ¢) sin 9 dr, dy) m - volts 
to= —a/2 J yo= —b/2 a 


he a | (905e) 
p K = is 5 
N,y=—7L, m-amp; Z) = ./- 376.7 ohms; p =4/1 —(— 
Ti k f 


The double integral can also be taken for the limits O to a and O to b, and 


a b to=a i 5, yo=b 
| if td ih Ee () ¢/Bx9 cos v sin 6 in| ¢ ¢iByo sin sin 0 in) (905f) 
0 0 0 a 0 


Putting 6 cos ¢ sin 6 = m and 8 sin ¢ sin 6 = n, we find 
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1 For details consult Sec. 124. 
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For x/a = q, we have 


a : a 
i e/™% sin 3) dan f sin (qxo)[cos (mao) +7 sin (mx) dxo] 
0 a ) 


a 


a 
= / sin (gxo) cos (mz) dto + J sin (gao) sin (mao) dxo 
0 0 
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or 
a jma 1 4 
i cim=o sin ee gre Gea (905h) 
0 a ¢ 2s m2 
Using the results of (905f), (905g), and (905k), we have 
a b A : 
PaO atid IO is id 
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a? 
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n(q? — m?) = n(q? — m?) me B sin 6 sin g(r? — Ba? sin? 6 cos* ¢) 
Putting ma = A and nb = B, we find the absolute value 
J. — ef) $ eime)| = VC = (1 = 8) V+ (1 + 14) 
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Using (9057), (9057), and (905k) in (905e), we find, since 44/8 = 2h; 
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Since, for a fixed operating frequency f, the quantity N, is proportional 
to L, and negative, for a constant of proportionality p/Zo, it is necessary 
to inspect only the D, radiation vector in order to see what happens for 
either radiation vector. For the reception points P in the XZ plane, we 
have ¢ = 0 with the simplifications 


= 0; sin(8) = 0; Le=O0=N, 


For reception centers in the YZ plane, we have ¢ = 90 deg, and 


A ; A\lanen Beuad>® 
5 — 9; cos (4) = 1; 7 = 7 sine 


905 
0.203a\&o sin (2) sin | ora} 
Lb, =j m < volts 


sin 6 
In the XY plane (plane of the guide opening), we have 


k : A «a B OL, 
6 = 90°; sin @ = 1; a = yj 08% z= sing 
_ . 2ad&o sin [(rb/X) sin ¢] cos [(ra/d) cos ¢] 


sin g[r? — (47?a?/X?) cos? ¢| 


(905) 
Le 


m: volts 


Table 77 gives the computations for the Lz pattern in the YZ plane for 
an & value of 494 volts/m, so that 0.203 & 494 becomes 100. Choosing 
b = \/m meters, we have 7b/d = 1; and for the three successive TEn,o 
modes, ad = 0.5, \”, and 1.5\”._ Table 77 shows that a broad L, pat- 
tern is obtained in the YZ plane and that the order m = 1, 2, 3, - - - 
causes only a multiplying factor w. The ratio (sin «)/(sin @) affects 
the pattern mostly. If we had taken the y dimension b = 0.5), 0.75), 
and i, respectively, we should have found the evaluations of Table 78. 
Figure 352 gives the L, patterns and shows that by means of the 6 dimen- 
sion, it is possible to sharpen the pattern. For b = \/z, the L, pattern . 
is quite broad; while for b = }, there is a beaming along the Z axis. If 
we had chosen 6 still larger, side lobes would have appeared. 

217. Notes on the Actual Field Amplitude and Energy Pattern 
Escaping from an Open-ended Rectangular Wave Guide for TE,,,o 
Waves. The power directivity D, (or radiation intensity) at the distant 
field point P of Fig. 351 represents the amount of electromagnetic field 
power flowing per unit solid angle in the g, @ direction. It is found from 
the elementary solid angle sin 6d@dy. Hach of the secondary radiation 
centers (electromagnetic Huygens wavelet centers) in the opening plane 
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of the rectangular wave guide acts, in effect, as coinciding electric and 
magnetic current sheets of elementary area dS = dxo dyo, expressed in 
square-meter units, even though vanishingly small. According to Sees. 
61 to 64, such current sheets [fJ,dS and ffJm, dS, of electric current 


TaBLE 77. Patrern or LL; RADIATION VECTOR IN THE YZ*PLANE 


Lz value = jwv 

6, sin 0 a = 57.3 sin 8, Bi he sin a 
deg | numeric deg numeric sin 6} TE,o TT Rista TBs 

VW, vWe vW3 
0.0} 0.0000 0.00 0.0000 1.000 | 0.5000 | 1.000 | 1.5000 
5 0.0872 5.0 0.0872 1G 0.5 1.0 1.5 
10 0.1736 9.9 0.1719 0.989 | 0.4945 | 0.989 | 1.4835 
15 0.2588 14.8 0.2554 0.985 | 0.4925 | 0.985 | 1.4775 
20 0.342 19.6 0.3355 0.98 0.49 0.98 | 1.47 
25 0.4226 24.2 0.4099 0.97 0.485 0.97 | 1.455 
30 0.5 28.7 0.4802 0.96 0.48 0.96 1.44 
35 0.5736 33 0.5446 0.95 0.475 0.95 | 1.425 
40 0.6428 37 0.6018 0.932 0.466 0.932 | 1.398 
45 0.7071 40.5 0.6494 0.918 0.459 0.918 | 1.377 
50 0.766 44 0..6947 0.908 | 0.454 0.908 | 1.362 
55 0.8192 47 0.7314 0.895 | 0.4475 | 0.895 | 1.3425 
60 0.866 49.7 0.7627 0.882 | 0.441 0.882 | 1.325 
65 0.9063 52 0.788 0.87 0.485 0.87 | 1.305 
70 0.9397 54 0.809 0.862 | 0.431 0.862 | 1.293 
75 0.9659 55.2 0.8211 0.85 0.425 0.85 | 1.275 
80 0.9848 56.5 0.8339 0.848 0.424 0.848 | 1.272 
85 0.9962 57 0.8387 0.843 | 0.4215 | 0.843 | 1.2645 
90 1.0 57.3 | 0.8415 0.841 0.4205 0.841 | 1.2615 


Remarks: & = 494 volts/m; b = \/x m; sin [(7b/d) sin 6] = sin (57.3 sin 0) = sin a. For 
> = 10 cm = 0.1 m, we have d2 = 0.01 sq m, and 


be ul 
0.203aX&0 sin = sin 6 


Li =j ; m - volts 
sin 6 
4 mb. 
sin {| — sin 6 F 
a sin 
0.203aA60 = w; — + =»; y= — 
sin 6 sin 6 


For TE1,o excitation a = /2, ad = 0.5\2 = 0.5 X 10-2, w = wi = 0.203 X 0.5 X 10-2 X 494 = 0.5. 
For TE2,o excitation w = wz = 1. For TEs,o excitation, aA = 1.5d2, and w = wa = 1.5. 

density J, amperes per meter and magnetic current density Jm, volts 
per meter, account for discontinuities in &, and H, at the opening of the 
wave guide. We have also seen that for the distance ro (Fig. 351) from - 
symmetry point O of the opening to a Huygens radiator dS at Py and the 
angle P,»OP (angle y), we have 


Tr cos Y = (Xo cos gy + yo Sin g) sin 0 
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and the radiation vectors 


N= sae Jy (Xo, Yo)ePrors¥ dS m- amp 


(9050) 
be = ese yoelhrocs¥ LS m - volts 


since N and L generally refer to volume integrals 


A [ff J (Xo, Yo, Zoe °°¥ dr; L= etal J m(Xo, Yo, Zo)eProre¥ dlr 
dr = d&o dyo dao 


where J is in amperes per square meter; Jm in volts per square meter, 
and formulas (831) are basic. We have also respective moments d(m,) 
and d(m,) of the electric current element J, dS and the magnetic current 
element J», @S proportional to the tangential &, and H,, field associations 
at the opening of the guide. As we know, the Poynting vector p yields 
the actual power density in watts per square meter at a field point P. 
We can, however, use the power directivity D, (the power radiated 
from the end of the guide in a given direction ¢, @ per unit solid angle), 
which refers to the average value of p on a sphere of 1 m radius. This 
can be understood from Eqs. (829), (829a), (834), (834a), and (835), 


since P, = ibs Tice D, sin 0@d6dg watts. We have also the general 


Laplace transformations of (835a), if N., N,, N, denote, for N = 
/N2 + N2 + N2, the Cartesian components and N¢ and Ng the com- 
ponents along the @ and ¢ spherical coordinates. We have similar rela- 
tions for the Z radiation vector, and 


2 2 
p, = a(n +41" +, 2) | 

| 0 a (905p) 
Z= = 376.7 ohms for air; = f Oite7se0) jk 


since, according to (834), (834a), (835), (838), (838a), (838b), and (838c). 
the magnitudes | | must be used. We have, according to (9051), the 
ratio 


L 
a ee ohms 


The field amplitude is proportional to the square root of the power. 


directivity D,, or equal to k +/D,, with the result 
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2 
S&P =k nil (eo +: cos @)* =F sin? 6 sin? °| a 


=F(F, ¢, 9) 
ka&> sin (B/2) cos (A/2) fee 
¢) 


sin @ sin g(r? — 6a? sin? @ cos ” 2Zo 


volts/m (905q) 


We have now a generalized Huygens-Kirchhoff factor 


VF (f,¢,8) = Ae + cos 6)? + 2) sin? @ sin? ¢ 


-a[vi- @) tone] + Gara 


in the place of the classic forward factor 1 + cos 6. Comparing (905a) 
with (9051), we note that we have only to multiply the L, patterns of 
Fig. 352 by the factor \/F(f,¢,9) in order to give the actual field amplitude 
pattern, since k is a constant of proportionality and 2Z) = 2 X 376.7 
ohms is likewise a constant for a certain guide medium (air in this par- 
ticular case). For the power directivity pattern 


06 a?&2F (f,¢,0) sin? (B/2) cos? (A/2) 
p<“ 7 sin? 6 sin? o(? — Ba? sin? 0 cos? ¢) 


(905r) 


we have only to multiply the squared length of the various L, radius 
vectors of Fig. 352 by the function F(f,g,0). The generalized Huygens- 
Kirchhoff factor ~/F(f,¢,@) shows that besides the @ function, we also 
have to take into account the ¢ function as well as the operating fre- 
quency. This means that we do not always have a true forward wavelet 
effect. But the forward effect becomes satisfied when the operating 
frequency f is sufficiently high in comparison with the cutoff frequency f.. 
The second term (f./f)? sin? ¢ sin? @ is then negligible, and the remaining 
part of the first term of ~/F'(f,¢,9) 1s essentially 1 + cos 6. For the cutoff 
frequency, we have p = 0, and 


V/F(F,¢,0) = (0 + cos 6)? + sin? 6 sin? g = +/cos? 6 + sin? 6 sin? ¢ 


VWF (f,¢,0) = + cos 6 along the Z axis, since g = 0° 


Such a condition, however, has no value, since the TEn,o wave no longer 
passes with useful energy transfer through the guide. For f values that 
are guided, we find 


Gap! = van - GY ie cos a} a 4 = (£) + cos 6 


for ¢ = 0° (along the Z axis) 
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The forward radiation is then proportional to the condition for which 
6 = 0 deg, 7.e., proportional to (p + 1); while for the backward radiation 
(9 = 180 deg), the radiation is proportional to p — 1 = v/1 — (f./f)? — 1. 
In the YZ plane, we have ¢ = 90 deg, and 


__ ka&> sin [(xb/d) sin 6] [FCf,8,e = 90°) 
s a? sin @ 2Z 


Zo = A = 376.7 ohms for air 


&p 


volts/m 


FU 6 ce0 = (p + cos #)2eh () ane 


218. Classic and Electromagnetic Radiation from :a Circular Plane 
Primary Wave Front. Instead of having the aperture in the XY plane 
of Fig. 336 rectangular and of ab square meters area, we can also treat 
the case for which we have a circular primary wave front of radius a 
meters and S = 3.14a? square meters area. We then can again use the 
general wave equation for the wave disturbance w at a reception center 
located at any point 21, yi, 21 as in Fig. 353. The reception center is 
then a distance 2} + yj + z? from the origin of the XYZ system. 
This leads to the comparison relations 


w= Ko Al BF (av) dx dy + Ko jal e Bart By) dz dy 


for Fig. 336 and Eq. (901g) 

a 2a - (906) 
w= Ko fi HS pe iBe'p cos (e—-9') dn dp for Fig. 353 and 
A p’ cos ¢’; Bs p’ sin g’ 


We have p’ cos ¢’ and p’ sin ¢’ as the polar coordinates of the distant field point 
P in a plane parallel to the XY plane through P with respect to the origin O. Any 
of the wavelet centers T, depend on the transformations x = p cos ¢ and y =psing 
in Fig. 3538. We no longer deal with rectangular conditions and, when dealing with 
space functions, must meet cylindrical forms. For this reason, the second of Eqs. 
(906) can be satisfied by a Bessel function, which reads for the nth order 


ee 2a 
Jn(z) — a ¢/2 CoB eine de 
2r Jo 
We have then the differential equation 
adn 
2— + nda = BJ nai 
dz 


The first-order Bessel function (n = 1) is of interest here. It leads to 


dJ; 
Zz aa + J = zJ (906a) 
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For the zeroth order, we have the form 


dy 1 dy (az)? (az)4 (az)§ 
—+-—+a = 0; = J =]— — ooo oe 
GaN nae CC » '@xd? @x4x6?* 
which for a = 1 yields 
1 ae he z 
= etexb a@xaxer? 9 ~ 702) 
the gradient yields 
dy a{Jo(z)] ‘ Zz 23 Pa 
Bees 2 2x4 Bee 
1 z ft z4 
Sag | Se ee ee ee 
2 2x4 ' 2x4 x6 Jae) 


The first derivative of the zeroth-order solution is then the negative value of the 


PIX), Y22) 
Recepiion 
center 


0 1(Xo. Yoo Zo) 
Primary 
radiation center 


_ Fie. 353. Significant space geometry for diffraction due to a circular opening in a screen. 
Tis any wavelet center (secondary radiation center). For Fraunhofer diffraction 7: and 
P are, in effect, an infinite distance from the screen with the circular aperture. 


solution of the first-order Bessel equation. We can then find one equation by differ- 
entiating the other and find the other if we integrate. The latter is now applied by -: 
integrating (906a), with the result ; 


lie 
Ii@) == ‘| Jo(q)q dq (906b) 


Since, for the Fraunhofer diffraction, the function F(a, y) includes only linear terms 
and Jo(z) is linear, we can express (906) (holding for Fig. 353) by means of 


w=68 i J o(Bpp’)p dp (906c) 
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Putting the argument Bpp’ equal to q and writing (906d) as 
1 eee a ' a 
= ——— Jo(qg)qg dq = = Ji(Bp’a) = — Ji(p) (906c’) 
Ble’)? Jo p p 


for p = Bp’a. According to the abbreviations A = p’ cos yg’ and B = p’ sin gy’, the 
quantity p’ denotes the radius of the circle through the reception center i, Yi, 2A 
parallel with the XY plane. It corresponds to the circle of radius p in Fig. 353, 
covering the wavelet centers 7’. of the primary wave front in the circular aperture. 
The radiation intensity (wavelet energy) is proportional to the area mwa’, and we have 
Sf\w?| dA dB = ra?; and according to the left relation of (906), 


w= Kop(A, B) = Kof Serle, ye P48 de dy 


for the function y(A, B) and function ¥i(z, y). According to Fourier, 


1 
ee) = 5, | / v(A, B)ei®42+By) dA dB 


f [me pirdeay = 2s ff twlead a8 
0. 


We obtain from (906c’) for the field amplitude 


resulting in 


x @) 
Pp 


A= (906d) 


for the factor K, which for large diffraction ranges (@ > 4 deg) contains the Huygens- 
Kirchhoff factor (1 + cos @) as well as ra?/), since the energy is proportional to 


2\?/271(p) \’ 
(=)( 2) and . «(lt cos,@) S52 for Gia 


From the above results, we have the comparisons for the field ampli- 
tude — 


Field amplitude = k, ad) for rectangular wave-front 
Bie radiators (906e) 
Field amplitude = k, a for ctrcular wave-front radi- 


ators 


Table 79 gives the evaluations for the characteristic ratio J i(p)/p, since 
the proportionality constant k,, depending on the electromagnetic 
polarization and the Kirchhoff-Huygens forward factor, is not taken 
into account. The function J;(p)/p vanishes for all values for which p 
has a magnitude, and the Bessel function J;(p) vanishes. This happens 
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for p = 1.229 = 3.83, 2.2334 = 7.02, 3.238 = 10.17, 4.25¢ = 13.32, 
Deca Figure 354 gives the plot for this function in comparison with 
the (sin p)/p function holding for a rectangular wave-front radiator. 
If the Ji(p)/p curve is changed to an ordinate scale, which gives unity 
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Characteristic [J1(p)]/p of the amplitude pattern [kiJ1(p)]/p for a circular wave- 
front radiator compared with the characteristic [k2 sin (p)]/p of a rectangular wave-front 


radiator. 

value for the pattern perpendicular to the circular wave front, and com- 
pared with rectangular wave-front radiators, we find essentially the same 
main beam diffractivity. The side lobes are decidedly less pronounced 
for circular wave-front radiators and angled off the main beam somewhat 
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more than for rectangular radiators. The circular diffractivity J i(p)/p 
must now be brought in agreement with Maxwell’s equations. We found 
that for plane electric and magnetic current sheets, we have a power 
directivity 


2 2 2 2 
Bree 5 7) OOS ON pros OF INET atts 
? 300? 
where 2 is in meters and f in megacycles per second. 
Zo = 376.7 ohms for air; Dod (x, Y) = Jm(, y) 
leading to the comparisons 
2 2 a 2 : 
Dgrstta)” = eee Gi cosi))2 / J (8p sin 6)p dp 
iJ o 
for a circular 
2 ; 2 
3 AEE ee age) (@ de cos 6)? aperture S= 
Ga sin rasqm 
Zab? sin? ‘z sin @ cos °) 
D atts) — 0 g (906f) 
P S-) 3a? , , eae 
2 sin? @ cos? » 
ee fae s for a rectangular aper- 
sin? {— sin @ sin ¢ 
nN (Foner ture S = ab sq m and 
“ m0" =", ee H, and &, polariza- 
Sie PA tions; H in amp/m 


We have, therefore, 


_ 1.858 X 10%a‘H?(1 + cos 6)? [oe sin | 


Dr Ga sin 6 


J1(a sin 8) 


Sea ain | watts (906g) 


= 92.064 < 10-2a*(1 + cos or | 
where H is in amperes per meter, a and } are in meters, and f is in mega- 
cycles per second. The corresponding field amplitude is proportional 
to +1/D,, yielding an amplitude directivity at P 


J,{6.28(a/d) sin 6] 
6.28(a/X) sin 0 


Deo-= De = Cencosy (906h) 
Table 80 gives the computations for the amplitude diffraction pattern 
in planes normal to the circular wave-front radiator. Figure 355 gives 
the field amplitude diffraction pattern for a = 0.1, 0.25, 0.5A, and 
a = X, while Fig. 356 gives complete and semipatterns for the field ampli- 
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tude in comparison with rectangular wave-front radiators. It can be 
seen that for a = 0.14, the diffractivity for both wave-front shapes is 
essentially the same while for larger values, such as a = 0.5) and }, 
the circular wave-front radiator gives a decidedly sharper main beam. 


@=0° 
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go 22 28 | 86" 2? 19, COMPLETE PATTERN 
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Fie. 356. Vertical XZ Fraunhofer diffraction pattern for circular and rectangular plane 
wave-front radiators. Note: Circular radiator produces a small side lobe for a = \, while 
rectangular radiator has only one lobe or beam, which is relatively broad. 


This is especially evident when the patterns of Fig. 357 are inspected. 
Besides, the circular wave-front radiator has less intense side lobes. 
The sharpness of the main beam and the minuteness of the side lobes are 
still more pronounced the larger the radius a is chosen in terms of 2. 
This can be seen from Table 81 and Fig. 358. 
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Circular and circular-ring diffraction radiators have been investigated 
by M. 8S. Neumann and A. A. Pistolkors.!. They are dealt with in 
Sec. 249 of the Appendix and in Figs. 391 and 392. As with slits in 
metal cylinders and such apertures in conical surfaces, a high-frequency 


For an Infinitely smal! 
circular hole 


by bany length 
for XZ pattern 


Fie. 357. Vertical XZ Fraunhofer pattern for circular and rectangular plane wave-front 
radiators with significant dimension equal to 2). 


voltage is applied across the slit. For a circular slit, either in a large 
conducting plane or the end surface of a wave guide, or one metal surface 
of a cavity, we must take the mode of the wave behind the conducting 
screen into consideration. The current distribution in the conducting 
screen can then be used for computing the entrance admittance of the slit 


' Proc. IRE, 36, 56, January, 1948. 
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gap. The reciprocal of the real portion of the admittance is the radia- 
tion resistance. The surface current density appears as the sum of an 
infinite number of wave modes. The radiation conductance increases 
in steps with increasing radius of the slit, like an oscillating sphere excited 
at the equator.! 


TasBLeE 81. ComPuTATIONS or DIFFRACTIVITY FOR THE FIELD AMPLITUDE OF A 
CircuLAR PLANE-WAVE-FRONT RADIATOR OF A Rapius Equat To 3 AND 5 
WAVELENGTHS, RESPECTIVELY 


Radius a = 3) yields p = 6.28 X 3 sin 0 Radius a = 5A yields 
= 18.84 sin 6 p = 5 X 6.28 sin 6 = 31.4 sin 6 
a A=1+0c0s0 
eck Ji(p) Ji(p) 
Hoe SS Dg = ——— De = 
sin 6 p J1(p) Dp AB Pp J1(p) p AB! 
a 15) B’ 
0 2.0000 0.0000)0.000} 0.0000; 0.5000} 1.0000/0.00 0.0000} 0.5000} 1.0000 
‘t 1.9998 0.0175/0.329| 0.1623} 0.494 0.988 |0.55. 0.2647) 0.481 0.962 
2 1.9994 0.0349/0.658} 0.3116) 0.475 0.95 |1.09 0.468 0.43 0.86 
3 1.9986 0.0523/0.987| 0.4358] 0.443 0.886 |1.642| 0.5735) 0.348 0.696 
4 1.9976 0.0698/1.38 0.5383] 0.388 0.77 |2.18 0.5587| 0.255 0.51 
5 1.9962 0.0872)1.64 0.5735| 0.35 0.698 |2.74 0.4291) 0.157 0.314 
6 1.9945 0.1045)1.96 0.579 0.294 0.585 |3.28 0.2289} 0.07 0.14 
ef 179925 0.1219)2.29 0.5416) 0.236 0.47 |3.81 0.0088} 0.0023} 0.00457 
8 1.9903 0.1392/2.61 0.468 0.179 0.356 |4.35 | —0.1876| —0.0433} —0.086 
9 1.9877 0.1564/2.94 0.3611; 0.123 0.244 4.92 |—0.3175|—0.0645| —0.129 
10 1.9848 0.1736)3 .27 0.233 0.0715) 0.142 |5.43 |—0.3445} —0.063 |—0.126 
11 1.9806 0.1908/3.6 0.0955) 0.0265) 0.0527/5.99 |—0.2786| —0.0467| —0.0925 
12 1.9781 0.2079/3.91 |—0.0312) —0.008 |—0.0158/6.52 | —0.1481| —0.0228] —0.0454 
13 1.9744 0.225 |4.24 | —0.1522} —0.036 |—0.071 |7.02 0.0 0.0 0.0 
14 1.9703 0.2419/4.55 | —0.2442) —0.0538] —0.106 |7.6 0.1592} 0.0209) 0.0414 
15 1.9659 0.2588/4.86 | —0.3086|) —0.0635] —0.125 |8.12 0.2499} 0.0306) 0.0601 
Remarks: First maximum is Ji(p) = 0.5819 for p = 1.84. Fora = 3A, wehavesin @ = 1.84/188.84 


= 0.978 and @ = 78 deg. First zero /i(p) = 0 is for p = 3.83 and 3.83/18.84 = 0.203 = sin 6 with 
6 = 11.7 deg. This table shows that essentially only a narrow main beam exists. For a = 5x, the 
argument p = 3.83 yields 3.83/31.4 = 0.122 = sin 0, and 6<=7 deg half beam width. 


219. Remarks on Plane-wave-front Radiators of Any Contour. In 
Fig. 336, an arbitrarily shaped aperture in a screen is shown. If x and 
y are again the coordinates of any secondary radiation center 7's, in the 
plane primary wave front occupying the aperture, we have the general 
wave function 


w= Ko J feo G42tBy) dx dy = pK of feet 8) dx’ dy’ 
= pwo(A’, B’) = pwo(pA, B) 


This relation is based on the following reasoning: If we distort an aperture 


'Srratton, J. A., and L. J. Cu, Steady-state Solutions of Electromagnetic Field 
Problems, Jour. Appl. Physics, 12, 236, March, 1941. 
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10 for arr iritirutely, 
09 aN stnall radius 
i 7. 
on | { 29; 018 angle against 
i io 7He normal to the 
oY al if wave-front radiator 
0.6 at ef 
oy Cy volts/r7 
0.5 x “Hy amp/m 
Y 
tf o4 
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* 03 
0.2 
0.1 
0 
-0. 1 aan 
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B—-> 
Fie. 358. Beaming effect of circular wave-front radiators. Broken curves refer to side 
lobes; continuous curves refer to the principal beam or lobe. 


uniformly in one direction only, such as in Fig. 359, then we simply 
have new coordinates x’ and y’ instead of the original undistorted coordi- 
nates and y, where x/x’ = p and y/y! = 1. We then integrate over 
the same region of the X’Y’ plane as 


r fElipse 
before in the XY plane. The func- pay nie 
tion wo(A, B) then gives the diffrac- ( : 
tion pattern of the new wave-front SES 2 


radiator deformed by p. Instead of ; 
A and B, we have the new vari- br irachons 
able A’ = pa and B’ = B, where A’ Fra. 359. Derivation of an elliptical 
and B’ are again the coordinates of "¢? om 4 circular area. 

an arbitrary reception center relative to the origin of the XYZ system 
in the plane of possible reception centers parallel to the screen. The 
above relations show that the corresponding diffraction pattern is like- 
wise linearly deformed, but in a crosswise fashion, because an elonga- 
tion of the primary wave front causes a corresponding contraction in the 
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diffraction characteristic. If we have no uniform deformation, we can 

treat the case by means of curvilinear coordinates, for which the contour 
of the arbitrarily shaped wave front is a coordinate line. 

220. Arrays of Circular Wave-front Radiators. Such arrays are 

conveniently made up of like individual wave-front radiators, which are 

ee nlaneof the uniformly distributed in space, in 

| curtain of circular an area, or along a central line, as 

My 3 tp for instance, in Fig. 360. The case 

for several rectangular radiators is 


C- S em treated in Sec. 217. In the same 
Ey volts) ; i 
tix, way, we can derive expressions for the 
i effect of several circular wave-front 
Y 


radiators, which are all in phase (for 


Z4y Qo instance, part of the same primary 

| VerticalXZ plane wave front). The diffrac- 

Sallie SS tion pattern of the individual cir- 

ea cular wave-front radiator defines the 

Fie. 360. A curtain of circular wave-front envelope contour of the pattern that 

radiators. 

encloses the resultant field pattern 

holding for the array. Each individual radiator is then referred to an 

origin (a zero reference point). Hence, for g-like (may be any shape) 

wave-front radiators, the coordinates would be 1, y1; %2,.Y2; Ls, Y3} . . « | 
Lq Yq. The total effect at the reception center is then 


AD S IG aby! €1B[ (eat) A+ (ugt+y) B) dy dy 
Ly 
qg 


=r =s8 


= pc tote) Ko la e 1B (Art By) dx dy 
qd 


where r accounts for the relative radiator distribution and s is due to the 
individual wave-front radiator. This expression resembles a modulation 
product. It also behaves similarly, as is brought out on page 1124, 
Therefore, for an alignment as in Fig. 360, the factor containing the 
double integral accounts for the individual Fraunhofer diffraction wo, 


while the factor under the » symbol is the disposition or distribution 


qd 
factor of the aligned circular wave-front radiators. The value w repre- 
sents the group value for which all radiators affect a particular reception 
center simultaneously. If J, denotes the radiation intensity of one 
wave-front radiator, the received intensity J, due to all radiators is 


i [ meet ae0 |? By > » eHPLACe—2) + B(ye-¥)} (907) 
qg La 
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For two like radiators, we have for g and r only values 1 and 2, and 


» 
é/ cos 2 +7 sin z 

2 

noe (907a) 


2 + ciblA@s-2)+Bar~v)] 4 eiBLA@2-21) +BW2-v] ) 


2+ 2cos {s[A(e — a2) + Bly — y2)]} 


= 4 cos? { Eras Sy) = Ii = wi} 


I, = 4Io cos? Q 
= WiA(a — 22) + Bly: — y2)] 


Now let us see how (907) applies to a line-up of circular plane-wave-front radiators 
as in Fig. 360. For WN circular radiators, each of radius a meters and spaced d meters 
between centers, we have x, = qd and y, = 0, since the alignment is along the X axis, 
where g = 0, 1, 2, 3, --- , (N — 1) are the point distributions. If the primary 
beam meets the circular 5 in the XY plane under an angle y with respect to the 
normal (or the Z, axis direction) and @ denotes the angle with respect to the Z axis of 
the diffracted beam, we have A = sin 6 — sin y, and 


q=N-1 
} 1 = «iBANG 
w= Wo eiBAad = OS TIE (9076) 


q=0 


For perpendicular primary wave incidence, we have A = sin 0, which, in practical 
cases, is likely to happen (since most efficient wave incidence occurs), and 


1 — ¢~iBbNdsin 0 


w = Wo | eerie (907c) 


where wo is the wave disturbance of one circular wave-front radiator. For D = 
Bd sin 6, the received radiation intensity J, is proportional to w?, or I, = kw?, and 


a a. (1 — efND)(1 — e-iND) ? ee | — cos (ND) 
I, = kw? = kw} 4! aa] 2 | = kw | cae (D) (907d) 


4 x : a 
sin 9 9 


1 —cos (ND) © sin? (VND/2) _ sin? (0.58Nd sin 4) 


But 


1—cos(D) _ sin? (D/2) sin? (0.58d sin @) 


The corresponding field amplitude Ag is proportional to VT, and wo is then the 
amplitude A» at the reception center if only one circular wave-front radiator is present. 
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For N such radiators, we have the Fraunhofer diffractivity 


: aN ., 
ec (a2 sin » J; (6a sin 6) 
Apes. 1 TN ah 5G ek ee 


a : i Ba sin 0 
sin x sin 6 


From (907e), we note that the amplitude directivity is given by 


alle («28 sin ) sin (3.1 cle sin ) 
De = (1 + cos 6) (907f) 


a. : ‘ 
6.28 x sin @ sin (3.14 x sin s) 


Ag = (1 + cos 6) (907e) 


where (1 + cos 8) is the forward factor, which, for two circular wave- 
front radiators, yields 


N = 2; sin (27) = 2 sin (x) cos (2) 
ip (028 5 sin °) 

Ds = (1 + cos 6) A 

3.14 x sin 6 


cos (3.14 : sin ) (9079) 


Table 82 gives the evaluations for an alignment as in Fig::361 for N = ly 
2, 3, and 4 circular wave-front radiators in the XY plane for a = Yor 
and d/a = 3. The corresponding semipolar amplitude diffraction pat- 
terns are given in Fig. 362. For N = 4, we have 


sin (4g) _ 2 sin (2g) cos (2g) _ 4 sin (g) cos (q) cos (29) 
sin (qg) sin (q) sin (q) 
= 4 cos (q) cos (2q) (907h) 
Ji(p) 


0.25p 


D, = (1 + cos 8) 


cos (7) cos (29) 


221. The Fresnel Diffraction Patterns. For the Fraunhofer diffrac- 
tion (Fig. 334) in optics we use two lenses. The first lens “bundles” 
all rays coming from a primary point source into parallel rays at an aper- 
ture. This places the primary radiation center, in equivalence, infi- 
nitely far from the aperture in an obstructing screen. The second lens 
converges all rays beyond the aperture into a common reception point 
(the focus of the second lens). This also puts the reception center, in 
effect, infinitely far away from the aperture. Electromagnetically, we 
can do this for a linear primary radiator along the focal line of a parabo- 
loid and the reception center along the focal line of a receiving paraboloid. 
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Fie, 361. Fraunhofer diffraction semipattern for circular plane wave-front radiators. 


The Fresnel diffraction does away with such restrictions, since both 
the primary radiation center as well as any of the reception centers may 
be at a finite distance from the primary wave-front section, which acts 
in effect, as a mosaic of Huygens wavelet centers. It is then no longer 
permissible to assume that all field contributions act in phase at a recep- 
tion center. In Fig. 336, in connection with the Fraunhofer diffraction, 
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Az 


N=] 


Fig. 362. Electromagnetic Fraunhofer patterns (semi-) for a multicircular plane wave- 
front radiator alignment. 
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we found, for the angle 6) = 0.5(cos @ — cos w) (see Fig. 363), the wave 
disturbance w at the reception center P as 


d - . BeiB(R+Ro) cos 6 
oe x. | | gtren ” dady) Ko 7) =a eee 


area of aperture 


For the direction cosines of Ry against the XY plane, defined by ap = 
—2xo/Ry and By = —yo/Ro, and the direction cosines of & against the 


9 Pix; Ne. 2) 
/ Teceprion 
( center) 


7, (X05 Yo 20) mi 
(primary radiator 
center) 


Fie. 363. General diffraction conditions for any plane aperture exposing a primary wave 
front. J2is any secondary radiation center. 


same plane, defined by a; = 2:/R and 8; = yi/R, we have the function 


F(a, y) = x(a — a1) + y(Bo — Bi) + : Ie 4 z) (a? + y?) 


_ (aor noe _ (at s po (908) 


where we must retain at least terms including squared terms of x and y im 
order to account for a curved wave front. We have then the condition asin 
Fig. 363. In the w expression, we then find 


ffe®rew dx dy = SJ cos [BF (a, y)] dx dy | 
+5 ff sin [BF (a, y)] dx dy = C + 7 (908a) 


w=Ki(C+458); I, = kw = Kok(C? + 8?) 


since the classic radiation intensity J, is proportional to the square of 
the wave disturbance arriving at reception center P and w denotes the 
absolute amount for the wave disturbance. In order to evaluate the 
double integrals expressed by C and S, we simplify Figs. 336 to 363 by 
placing the origin O in the intersection of the straight line connecting | 
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the primary radiation center with a particular reception center, This 
requires a variable coordinate system for a fixed T; location but a variable 


location P. However, we gain the advantage in the F (x, y) expression 


that ao = a; and § = f;, leaving only the square terms, so that 


Peo, ) = 3 | (a, +) + v9 — Cet fat _ Cow + 5a") 
(9080) 


It is now the incident beam 70 with the direction cosines, defined by 
a = sin 50, Bo = 0, and yo = cos 69, and the continued beam OP with 
the direction cosines a; = sin 6), 8, = 0, and y; = cos 6. Relation 
(908b) then changes to : 


1 1 x’? sin? do , x? sin? bo 
(a, +e) ot +) — (ER ii al 
(= j)oe mo (Ea 


(z -b 5) (x? cos? 69 + y?) 


Nl Nl Ne 


F(x, y) 


The C and S functions for the double integrals then become 


ef cos | 2 Fe, aes: 


= II cos k (a = r) (x? cos? 69 + | dx dy 
S = Jl sin E + r) (x? cos? 69 + v) | dx dy 


The common argument of the cosine and sine functions can be expressed 


_ by new variables & and 7 if we write for the argument 


‘ tet 5h aS 
16 aU n) (x? cos? 69 + y”) = ‘(a me f) x? cos? 69 + z G a ne 


where 
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The substitution renders 
r dé dn 


a pp) 008 6 
cam ff ox| [Ea +) |deay 


oh E (2 + *)| dé dy 


dx dy = 


(908c) 


. 
—— 
== 


K, = 


We must then integrate in a corresponding &, 7 plane for an aperture 
corresponding to the opening shown in Fig. 363. When the integration 
in the &, 7 plane is to be taken over a rectangular area, with the sides 
parallel to the reference axes, we find 


cam m(Ge)(fe)em 
-[ fm e)sin(5 *) din 
= «| ff sin (5 cos (5 rt) dé dy (908d) 
thf aGe)aa] 


coma hel ieee as is aa 
r= [cos(Zt) a and y [osm (Sse) as 


are the Fresnel values of Table 67 and can also be found from the Cornu 
spiral. It is now of interest to apply these results to possible electro- 
magnetic cases. 

222. Distant Radiation Region Effect Due to a Wave-front Radiator 
of Any Contour. In Fig. 364, the elementary area dA, generally at 
to, yo of the XY plane, denotes a wavelet radiator.!_ This area is part 
of an essentially plane wave front 


& = Ee * ~volts/m; H, = Hoe-** = ae e8?  amp/m 


1 The area is now expressed by A in order to distinguish it from the function S as 
given in (908d). 
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which travels with a velocity v = w/8 meters per second along the +Z 
direction. The equivalent electric and magnetic current sheets, in place 


AZ 
coming 18. eaten 
in) XY plane | ae 


“Yy=HyeY? “Differential area dA 
ye (wavelet center) 


At Xo 3 Voi 2070 


For planes parallel to the screen with the aperturer = V(x — xo)? + (y — yo)? + 22 

pet ( = 20)? + (y = yo)? 
22 

Fic, 364. Useful expressions for reception centers in planes parallel with a plane pri- 

mary wave front. ; Area of plane aperture is A sq ms. P is far enough away so that 

1/r = 1/ro, but €~78 is the phase factor. 


for z large compared with any dimension of the aperture A 


of dA of the wavelet radiator dA, cause the electric and magnetic moments 
d(mz) = —H)dA m-amp; d(Mmy) = —&dA m- volts 
According to Secs. 124 and 213 and the transformation 


No = Nz cos 6 cos ¢ + N, cos 6 sin y — N, sin 6; 
Nz = N, cos g — N; sin 9 


into polar coordinates, we find the elementary field contributions at P as 


d&s = 7 as «(1 + cos 6) cos ¢ volts/m 
d& = —j ae er(1 + cos 6) sin ¢: ken = je (1 + cos 6) 


d& = 0 volts/m 


We must now integrate all the wavelet effects and find by omitting the 
é factor 


mel + cos.8 |- €_#Br 
g = jt toot ffs, Fa dA volts/m 


r=V(e — m)? + Y — yw)? +2; (909) 
> eee ee (y — Yo)? for z large compared with 
a 2z any of the aperture di- 


mensions 
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For angles of diffraction 6 
= 2. We also have 


< 4 deg, we find the forward factor (1 + cos @) 
abs 2 = 2 % 
= [(@ — 0)? enya Yo)? + 271 hz E o) = (y — Yo) +1 
w [rp perm to=w'| a. 4 


(x — %o)**+ (y = Yo)? 
gP 22 

since [(a — 20)? + (y — yo)?]/z? is small, compared with unity. This 

value of r can be used in the Fresnel phase factor «~". We have also, 

for z very large compared with the largest dimension of the area A and 

the operating wavelength \, the approximation z = r meters in the factor 

1/r. Hence, for angles of diffractions @ not exceeding about 4 deg, with 


the normal to the area A of the aperture, we find at the reception centerP 


yer x0)? ire vw" 


- | for inclined 


primary-wave- 
front incidence 
onarea Ain XY 
plane (volts/m) 


a =i “JI Soe iol ++ 
jg eo + = wo)? x0)? + (y— 
_ 


t= eget 0)? 
A —ie| pS ma aa bee 2 iPr | 
.- dA | 


For normal primary-wave incidence, the double integral leads to 


yo)? 


dA 


e182 


(909a) 


for perpendic- 
ular primary- 
wave incidence 
(E> = constant) 


je xo)?-+(y—yo)? 
22 


— 2 
[J- | fee = .|-£ x)? +tiy- wl aa 
Zr 
, a D 
[fis in| (@ — a)? + (y — Wa 
9 
Zr 
2 
B= — dA = dry dyo 
Putting 
RCs Die : Cian 
Zr aes “d Zr : 
we find 
in (ap + Bo) = sin a Cos Bo + COS ao Sin Bo 
cos (ao + Bo) = COs a COS Bo — Sin ao sin Bo 
and for 
wee x0)? a(y =p Yo)?* 
Zr ; Zn 
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we find 


lal = | [05 » cos dro aye — ff sin p sin q dev dyo 
D 
+5(f [,sinveosadcodye + ff cospsinadzeaye): ff =D +38 | 
E 


so that 


(909d) 


&oe—i8z #E 
& =j i V D? + E? ‘ tan“! (2) volts/m (909¢) 


Such a result would be expected, since we deal now with Fresnel wavelet summations 
and must add the effects with respect to amplitude as well as phase. The double 
integration is then carried out by changing the functions to Fresnel integrals, which 


have the form 
v= | cos(Ss)as; y= f sin (Zs ‘a 


where x and y are the abscissa and ordinate projections of the length s along a Cornu 
spiral. Putting 


whe 2 oa 2 
0.578? = 7 [eased and 0.5rs? = 3 fy oy 
Zr can 


2 

= (x — . ds = —dx, .|— 
(2 — Zo) Ve 3 = ro x 

( ) ds; = —d 2) 

81 = (y — Yo ie 8, = Yo = 


because the distant field point P of coordinates 2, y, and z in Fig. 364 is fixed. The 
minus signs before dao and dy are of no concern, since we could also have written 


V/ (xo — x)? + (yo + y)? — 2° for the distance of the particular field point P from the 
particular wavelet center xo, yo, 20 = 0 in the aperture A of the XY plane. Therefore, 


2 2 
= (ao — 2) 2 ds = dao . 
[2 2 
81 = (yo — y) Va? ds, = dyo = 
Xo — x)? PAN 
i cos | dxzop = = / cos (; w) as "21 
Zr 
J g| se | dyo = 5 [cos ( a) ds; = x 
— x)? Zr : 
fo [se ]e NF [a Ge)ane 
Zl. 4 
fo fa "| av = AIG | (3 ds, = Ye | 


we find 


(909d) 
Yo — y)? 


(yo — y)* 


1160 SHORT-WAVE RADIATION PHENOMENA [Cuar. VIII 


where 71, x2 are the projections on the abscissa axis and 1, y2 are the projections on 
the ordinate axis of respective lengths s and s; along a Cornu spiral. We have then 
in (909d), for xz» — x and yo — y instead of x — xo and y — yo, respectively, the 
relations 


D= > Hi cos € *) ds J cos € a) ds, 
Xr 
= / sin € +) ds {| sin t a) in| = > (a1t2 — yiye) 
E= oh in{~s?}ds | cos(~s?) ds 
Ly == 9 sL 2 yi 2 1 1 
Zr 
+ / cos g v) ds / sin ( a) in| cry (1y2 — Ley1) 


The total field at P, due to the entire primary wave-front radiator, becomes 


(909e) 


in or 
glvoltetse) S17 a eB W/ (eite — yry2)® + (eye + x2y1)? /p 


909 
CO 5 RW 5 _, [ f1Y2 — Ley (Oe 
=f Val + Da +H) yom tan? | ee 


T1022 — Yiy2 


We can use the Cornu spiral procedure and find the values 21, 22, 
yi, and y2 of (909d) by means of s 
-and s; values if the appropriate 
integration limits are used. These 
limits depend, according to (909d), 
on the limits of the area A. | 
223. Application to Fresnel Dif- 
fraction of an Electromagnetic Rec- 
tangular Primary Wave-front Radi- 
ator. Figure 365 shows such a 
wave-front radiator of area A = ab- 
square meters, and & volts per | 
meter and Ho amperes per meter 
are the reference fields at unit dis- 
tance (1 m distance) normal to a 
primary wave-front element dA = | 
Fie. 365. Rectangular wave-front radia- 2 dyo, which is in the XY plane. 
tor. & and Ho are the reference field Inasmuch as the integrations of 
associations at 1-m distance from the ele- | 
mentary radiator dA; A =ab sqm. & and (909b) and of the corresponding | 
eg: bose eae Osx, integrals of (909d) must be taken 
ATOLL tal over the limits x) = Fa/2 and | 
yo = +6/2, according to the s and | 
8: formulas of (909d), we have the spiral lengths 


Sxc. 223] ELECTROMAGNETIC DIFFRACTION 1161 
ere 2 eee @ ae Dts 

DEN OX a/ 22d “/ 2ar 

ge af [2° Oe ee b + 2y 

2 PN / 22r / 22d 


These expressions hold, since the positive limit value must be subtracted 
from the negative limit value after finding the expression for the integral. 


8 = + 


The Fresnel integrals of form x = f cos (0.57s?) ds and y = f sin (0.5zs?) ds, on 
account of the cosine or C type and of the sine or 8 type, are often written in classic 
optics as 

§ cos (0.57s?) ds = C(s); f sin (0.57s?) ds = S(s) 


where C(s) and S(s) are the values for the particular numerical component magnitudes 
of s. They are found from the projections on the abscissa and the ordinate axis, 
respectively, for a particular spiral length s of a Cornu spiral. We have the identities 


for (909d) : 
T pire SC! (Xo — x)? 
q cos 5° ds cos p dxo; = 
x 


o=—a/2 zr 


T 2 ere m(Yo — y)? 
Oanmeass| i= "6;.)ids, = COE I eae eae 
2 yo= —b/2 Zr 
> a/2 = b/2 
q | sin(—s?}ds = sin p dzxo; q | sin|=s?)ds = sin 7 dyo 
2 —a/2 2 —b/2 


for g = V/2A/2. For the total field 8, due to the wave-front radiator of A = ab 
square meters, 


II 


ig ssolts/an) = iz €163(D JE;)(D2 — jE2) 
a+ 2x a— 2x 
Dy So} ——— | + C ; 
; eS ) e 22r ) 
b — 2y 
ee). | 
b + 2y b — 2y 
Ee a. S a + S 
(Gay & =) 


where a, b, x, y, z, and ) are in meters and 6 < 4 deg. Since (D; — jE£,)(D2 — jE») 
— D,D; =a Eik, — j(DiE, + DE), we find 


> 
ll 
Q 
Lo 
ao 
ui 
pa 
<a. 
+ 


& = j0.25(1 + cos 0) cos v&oe~##M /y volts/m 


M = V (D,Dz are, EE)? aa (DE. + D2E;)?; y = tan! (Poet Dees) (909h) 


DD, — Hye, 
S— = —J0.25(1 + cos 4) sin pM &ve##/y 
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Formula (909h) applies for any angle @ of diffraction (no limitation, 
such as 0 < 4 deg), for normal primary-wave incidence on the aperture 
A. When we are interested only in &, fields along a direction parallel 
with the X axis at a distance z meters from the XY plane, we find the 


Fresnel directivity 


D, = (1 + cosi@) 


x ° a) oan) * 


15 
017 
Se [sins 06 nays 
I os EER a 
a =e nD 
(22) Oe, LO =? _ at 
"Px a Op-= ste) 
Sige aa V2zh 
V22A | 
e i 0102030405060708 * 


| —>Cis)=fcos(s!)as 


\ 2x tT“ th22a 
Cys) 
ZZA \ 
YA C Zee ' 
’ é; V22A 
by forz>>4@ 
or >>b 
P 5 2a 
Operating spirallength AFB = ia m 
22 
22) — a P 24 +4 
= ;s1 = 5 
V/ 2zr V/ 2zr 


D, = (1 + cos 8) 
xX V[C(si) — C@)? + [S(s:1) — S@)P 
= (1 + cos #)AB 
Fia. 366. Application of the Cornu spiral 
method to Fresnel diffraction (only half of 
the spiral, positive half, is needed). 


curve length, AFB must be equal to s; — s. 


AB must be equal to the 
V[C(s1) — C(s)? + [S(si) — S(s)}. 
the spiral AFB is such that 


square-root value, 


PCaGal 


since the terms involving b are of no concern in the XZ plane. 


Since 
all the terms under the square root 
contain +22 and zx denotes the hori- 
zontal distance of the reception 
center P parallel with the X axis, 
we need only to draw half of the 
Cornu spiral (as in Fig. 366) in 
order to illustrate the application of 
(9097). This spiral has been shown - 
to be a plot of S(s) against C(s), 
so that any point of the spiral, such 
as A, with coordinates C[(2% — a)/ 
~/ 2zd] = C(s) as abscissa and S(s) 
as ordinate is so located that the 
distance from the origin O along 
the spiral to A is equal to s. The 
value si = (22 + a)/V/ 22 gives 
the coordinates C(s:) and S(s;) of 
the spiral point B, and the are OBis 
now equal to s;. Since, in (9092), 
we have the differences C(s;) — C(s) 
and S(si) — S(s), the are, 2.e., the; 
However, the chord 
because AB =. 
Since the halfway point F along 


Are OAF = 0.5(s + :) = 25 


we note that the location of the spiral length AFB depends upon the x 
coordinate of the reception center P but the length of the spiral AFB 
depends upon the width a of the wave-front radiator, since the spiral 


| 
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length AB is equal to s; — s = 2a/+/2azx. Therefore, the x coordinate 
of the reception center P determines, for a fixed wave-front width a, 
the magnitude of chord AB. The length of this chord, multiplied by 
(1 + cos 6), gives the directivity in the XZ plane for the z coordinate 
fixed. For the reception center P along the +Z axis, we have x = 0. 
Scaling off from the origin O the distance a/+/2z) along the spiral, the 
chord from O to this spiral point must be equal to half the square-root 
value, since the other half is found by scaling off the same length from 
the inflection point O of the symmetrical spiral to the left. The square- 
root value thus obtained is a principal maximum, since the spiral is 
straightest and almost equal with the chord if 2a/+/2z) is not too large. 
The value of (1 + cos @) is likewise near its maximum value of 2. There- 
fore, maximum field intensity must be expected along the Z axis if 
measured along a fixed distance r. As the reception center P, for a 
fixed ordinate z, moves to the right in the XZ plane, the value x increases 
and the spiral length AB, which is equal to s, — s = 2a/+/2azx, slides 
farther out along the spiral, since its mid-point F moves out. The cor- 
responding chord length AB decreases toward smaller values, until a 
minimum value is reached. For still larger x values, the chord length 
mereases again (the spiral winds around) and comes to a second maximum 
(somewhat smaller than the first maximum), decreases again toward a 
second somewhat smaller minimum value, ete. Hence, we have suc- 
cessive weakening field fluctuations, which, in addition, owing to the 
factor (1 + cos 6), are still more reduced, since this factor varies from 
a value of 2 toward unity value for x = ©. Keeping the wave-front 
dimensions as well as x fixed but changing the z coordinate of reception 
center P can only decrease the s and s; values, according to a 1/+/z law. 
As such, it produces a corresponding decrease in the spiral length ABC 
= 8; — 8, as well as in the chord length AB. If we keep the location 
z,y,z of the reception center x,y,z fixed and increase the dimension a, 
we increase AB or the square-root value of (9092), since A and B move 
farther away from the fixed mid-point F. Hence, we also obtain cor- 
Tesponding field fluctuations at P. Table 83 gives the evaluations when 
the reception center P in Fig. 365 as well as Fig. 366 moves from a loca- 
tion z = 50 m above the mid-point of a rectangular wave-front radiator, 
parallel with the XY plane, to a distance of x = 10.25 m (in the XZ 
plane). In this table, values of the Fresnel integral Table 67 are used, 
‘instead of the Cornu spiral procedure described in connection with 
Fig. 366. If the Cornu spiral method is used, we have only to compute 
and look up the C(s), C(si), S(s), and S(s,) values. Since, for such a 
small AFB = s, — s value as found from 2a/+/2z\ = 0.1, the value of 
Vp tq changes only toward a somewhat smaller value without any 
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fluctuations, we note that we have quite a broad diffraction pattern, as 
has already been found for the corresponding Fraunhofer diffraction 
pattern, fora = 0.5\._ If we make the wave-front radiator a = \ meters 
wide, with all the other dimensions as in Table 83, we find the computa- 
tions of Table 84. In order to facilitate the computations, the Fresnel 
integrals C(s) and S(s) are plotted as curves in Fig. 367, so that the 
differences C(s;) — C(s) and S(s;) — S(s) can be read directly from these 
curves with an accuracy good enough for such evaluations. This 
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Fie. 367. Fresnel curves C(s) = [cos ( *) ds and S(s) = [sin G *) ds. 


figure also gives an example for the case applying to Table 84, if the — 


horizontal distance « = 10 m, for a fixed altitude z2 = 50 m and a wave- 
front widtha =X =1m. This yields the numerical distances s; = 2.1 


and s = 1.9. The width between s and s; ordinates, 7.¢., 31 — 8, is | 
2a/+/2z can be marked on a transparent sheet with an ordinate scale fi 
slider calibrated in an (ordinate scale)*-scale. This permits the differ- | 


ences [C(si) — C(s)]? and [S(s,:) — S(s)]? to be read off directly if the 


slider is set with its zero value on the lowest intersection with the s or | 


8; ordinate, depending upon which ordinate causes the lowest intersec- | 


tion with respect to the C(s) and S(s) curves. Figure 368 gives the plots 
of Tables 87 and 84, together with the @ variation. To apply the 


formulas to much smaller altitudes z would give rise to errors, since it is | 
assumed, in formula (9092), that the largest dimension of the wave-front | 


radiator is small compared with the value of z. 
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It seems of interest to gain an idea as to what extent the assumption 


( — xo)? + (y — yo)? 


reV@—m)?+ y—y? beset = 


holds, where z,y,z is the location of the reception center P and xo,y0,z0 = 0 the loca- 
tion of any Huygens wavelet center in the primary wave front. Suppose we take the 
reception center P along the Z axis, for which z = 0 = y, and again choose as in 
Tables 83 and 84 z = 50 m and \ = 1 m, corresponding to 39% = 300 Me/sec. 
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Fig. 368. Fresnel diffraction pattern for half-wavelength and full-wavelength width and 
same altitude (¢ = 50 m). 


The most severe conditions occur at the boundary of the wave-front radiator. Assume 
that we have a = b = 2); then x) = yo = 1m, and 


P= V0 — 1)? + C0 — 1)? + 50? = v/2,500; 
© 1)" + Ooms 


r 50+ ear = 50.02 


The logarithm of 2,502 is 3.39829 and 4/ 2,502 = 16 X 3.39829 = £.699145, with a 
numeric 7 = 50.02 (checks approximation). For z = 41 m, we have, for P in the 
XZ plane, 


r= +/(41 — 1)? + (0 — 1)? + 50? = 01,600 + 1 + 2,500 = 1/4101 
— 173 = 1)? 1,601 
(41 — 1) OS ae, t 


—— = 66.01 
2 X 50 100 


r=~50 + 
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The evaluation of 4/4,101 is 44 X 3.16289 = 1.581445, and r = 64.04 as against 
the approximation 66.01. It is, therefore, better not to use a = 2 for 2 = 50 m 
if values of x of the order of 41 m are used. 


Formula (909g) shows that for a reception center P along the Z axis, 
we have x = 0 = y and z = 2. In comparison with a circular wave- 
front radiator of radius a meters, we find 
Epo = Ae~®[C'(so) — JS(so)][C(81) — JS(s1)] 

for a rectangular wave-front radiator 


and 
Brolin) 2 Ae Z6es gin i) ‘a @ circular wave-front radi- ‘col 
6 = agi & = aR a=2+e; A = 928% 
yor = 200, 


Since the radius a = +1/qz\ meters, we note that zero field occurs when- 


ever g = 2, 4, 6, - ~~: , 2.e., for a vertical distance z from the circular 
wave-front radiator of z = a?/2\, a2/4n, a2/6\, - + +. But maximum 
field effects of 2 = a?/d, a?/3X, a2/5A, - + + occur for g = 1, 3,.5, = =a 


Formulas (9097) also show that for a rectangular wave-front radiator, 
the function ~/[C?(so) + S?(so)][C?(s1) + S2(s:)] gives the Fresnel dif- 
fraction pattern when the perpendicular § and H field associations are | 
along the X and Y directions, respectively. For a square wave-front 
radiator, we have a = b meters and so = 8), so that Dz, = C2(s) + Sg) 
for a general orientation of the perpendicular & and H field vectors. 
We have then the relation 


Ez = J28 fea (2 4 + sin? (2. 4 | c: te + §2 (4) volts/m 


the square-root factor being due to the fixed phase factor «#6, | 
224. Significance of Fresnel Zones When Applied to Circular Elec- 
tromagnetic Wave-front Radiators. The expression (9097) for the cir- | 
cular wave-front radiator is based on Fresnel zones (Secs. 188 to 190). 
It was shown that a spherical wave front in a circular aperture can be 
divided into Fresnel zones corresponding to 0.5A steps. Adjacent zones 
then cause antiphase effects along the principal, or Z, direction (Fig. 369). 
The distance from any point on the circular boundary of a particular | 
zone to a reception center P along the Z axis differs by 0.5\ from a point 
on a circular boundary of the next Fresnel zone. Taking, as in Fig. 
369, the center of a circular wave-front radiator in the YY plane, at the © 
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origin of a compromise XYZ system, the distance to P on the +Z axis 
is the z coordinate of P, since c = 0 = y. The boundary of the first 
zone then requires such a radius a that any point on the circumference 
2ra meters is a distance z + 0.5\ from the reception center P. This 
distance is a hypotenuse, with two perpendicular sides a and z, respec- 
tively, so that Va? + 2? is equal to z + 0.5). Therefore, ~/a? + 22 — 


Zonal rings of which only the rings next to the 
central cap (with 7’: as the symmetry point) 
play a significant part. 
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Fie. 369. Application of consecutive Fresnel zones which cause alternately antiphase 
effects. 


z= 0.5 and is also equal to z\/(2z). This is the same as a?/(2z) for 
qg = 1in our relation a = ~/ qi, for a maximum amplitude effect. The 
same relation also holds for the outer boundary of the second Fresnel zone, 
with a radius a; such that any point on the circumference 27a; meters 
from P is \/a? + 22 =z +2 X0.5A =z +, because we must advance 
another antiphase condition, 7.e., another half wavelength. This, with 
respect to the reception center P on the Z axis, gives another full wave- 
length. Therefore, ~/a? + 22 — z=). We also have 


Va + 22 — 2 = 1.50 
etc., forz =z. Hence, for PT: and 7,72 sufficiently large so that the 
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primary wave-front radiator coincides essentially with the actual X Y plane 
passing through 72 of the true primary wave front, we can assume that 
the wave-front radiator is plane and divided into concentric Fresnel 
rings as in Fig. 299. We found that for such a wave-front radiator, we 
have practically only the first Fresnel zone (in reality, the first spherical 
Fresnel cap). This means that the field at the reception center P along 
the Z axis is twice as large as the field for no such limitation of the pri- 
mary wave front. This is the case because no out-of-phase radiation 
proceeds along the +Z axis, 7.e., for all the wavelets, originating on the 
primary wave front of area 7a? square meters. If, however, we use a 
quasi-plane-wave-front radiator whose radius is larger than the radius a, 
fixed by the first Fresnel zone boundary, we also have antiphase field 
contributions at P, z.e., wavelet interference effects. By avoiding radia- 
tion from antiphase Fresnel zones, 7.e., from zones between radii r = a 
tor = a1, r = a tor = as, etc., the shaded wavelet center rings of Fig. 
369 should cause still more beaming effect toward the field point P. 
The successive field additions, however, become smaller and smaller, 
since the first, or central, Fresnel zone already causes the greatest gain 
effect at P. Therefore, by a suztable radius of the circular wave-front 
radiator and shielding off interfering wavelet contributions, a field gain 
is expected along the +-Z axis. A circular wave-front radiator may then 
be said to have a field concentration effect at suitable reception center 
locations along the +Z axis for a radius a large compared with \. Such 
locations are z = a?/\, even though the interference Fresnel zones with 
antiphase effects are not prevented from emitting wavelets. This hap- 
pens because then 1/2? + a? — z = a®/(2z) yields 0.5\. Such an effect 
all along the +Z axis was already found for the various Fraunhofer 
diffraction patterns, because the principal beam increases its magnitude 
along the + Z axis for a radius a becoming larger in terms of the operating 
wavelength X. This seems an inherent feature of the circular wave-front 
radiator. JK. A. Norton and A. C. Omberg! have recently given expres- 
sions for the characteristics of elliptical ground-reflection Fresnel zones 
of plane earth surface. 

225. Notes on Complementary Wave-front Radiators. If the shaded 
portions of Fig. 370a represent wave-front radiators, the shaded portions 
of Fig. 370b can be called the ‘‘complementary”’ wave-front radiators. 
The field amplitude &, is then proportional to ~/C?(s:) + S?(si), where 
C(s1) and S(s;) denote the Fresnel integrals taken over the primary- 
wave-front area A, of Fig. 370a. For the primary-wave-front area A2z 
of Fig. 370, the field amplitude &2 is proportional to ~/C?(s2) + S?(se) 
if C(s2) and S(s2) hold for Az. Therefore, if we have a single wave-front 

1 Proc. IRE, 36, 24, January, 1947. 
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radiator of size cdef occupied by the boundary of respective rectangular 
slot arrays of Fig. 370, the Fraunhofer diffraction field amplitude & is 
proportional to ~/C?(s:) + S2(s:) + W/C2(s2) + S2(sx). When no dif- 
fraction screen is interposed between two lenses, this condition corre- 
sponds to the optical case where the first lens causes a plane wave front 
and the second lens focuses the light into a point, yielding a minute 
image of the source. This can be the case only when C(s;) = —C(s:) 
and S(si) = —S(s2), which expresses the well-known Babinet theorem 
that the Fraunhofer diffraction patterns of complementary primary- 
wave-front radiators are not complementary but identical except for a 
minute central region. This region corresponds to a diffraction angle 8, 


S fC ie 


77, | NSSNSSSV 
\S \ 
=\= 


Nam 
a Shaded area A; e d_ Shaded area Az fe 
(a) (b) 


Fic. 370. Complementary wave-front radiators. 


which is zero. For the Fresnel pattern, primary radiation and reception 
centers are no longer in effect at infinity from the wave front. The 
central region is then relatively large and contains most of the important 
reception center locations. The Fresnel diffraction pattern is then different 
for complementary wave-front radiators. This can be realized if we recall 
that we must add up the field effects according to their relative phase. 
Therefore, if, in Fig. 370a, we have a resultant vector & and, in Fig. 
370b, a resultant field vector § at a certain reception center, then a 
wave front of size cdef will cause a field vector § = &; + &, which vector 
triangle can have any shape even if the closing vector & has the same 
magnitude. Vector &; can then have many values and may even vanish, 
and similarly for vector &:. If the wave-front array of Fig. 370a causes, 
at a certain reception center, &; = 0 while the wave-front frame cdef 
causes a value &, the complementary radiator of Fig. 370b must have a 
value & = & — & = & But for the Fraunhofer pattern, we have the 
algebraic addition 6 = &, + & instead of the vector sum. 

226. Rectangular and Circular Gate Radiators. The opening cd in 
the XY plane of Fig. 371 is assumed large enough to prevent wave-front 
distortion of a primary electromagnetic wave arriving from the radiation 
center 7. In addition to this, the lower side of the XY plane must be 
a good absorber. The gate opening may be circular or rectangular. 
Figure 37la gives the approximations for r= Vx? + y® + 2? and 


1174 SHORT-WAVE RADIATION PHENOMENA [Cuap. VIII 


rh, = V/a2 + y2 + 72, since the coordinates xo,yo of a wavelet center 7. 
are taken negligibly small compared with either ro or r and also \ < than 
either 7) or r. The area of the gate, which radiates in terms of secondary 
radiation centers 7’, as Huygens wavelets, is A = ab square meters for 
a gate of a meters width along the X axis and b meters along the Y axis. 
For a circular gate of radius a meters, we have A = ra’ square meters. 
Calling dA an elementary area at wavelet center 72, each such area gives 


rise to an electric current moment d(m) = —H dA meter - amperes, 
Zz 
rn 
: For XY plane ta 
P(x-y=0;2=z/reception dF is elementary 2P on the pales ve 
center radiation Meal wyeprostianehe 
2 
rz 242 since oor (elementary A TetaHate? 2pligtzlcos p 
Lae", ee aes Zp Differentiating 
Tied eco Yo: t zZ we find 
f9® rot “since 00<ta ‘Fresnel zone) 


To 
o\G 72 (Xo, Yo,0) actual wavelet 
: aS Cerer 


GY Tdr=fglorZ)sin yp -dw; 
YU, AF =2rpmdy=2argsiny-dy; 
Lo) 


i ehmunating sin w-dy, yields 


We a a ee : Primar ie 2 , Gi : fF = 2afo rar 
Jf is Baie Font Abe joe \ bar 
/ Ky iT (primary have front 4 : 
radiation center) i, 
(a) (b) 


Fig. 371. Conditions for gate radiators. 


and an associated magnetic moment d(mn) = —&dA meter - volts. 
These moments are perpendicular to each other, as are the corresponding 
fields Hy) amperes per meter and & volts per meter. The field associa- 
tions of a wavelet at any distance r are 


d& = Ee" cos 6 volts/m; dH = Hoe—* cos 6 amp/m 


where 6 is the angle that the direction of r makes with the normal to 
the wavelet radiator dA. Hence, for a gate as in Fig. 371a, for which the 
spherical cap of the primary wave front with its pole O’ slips, as it were, 
into the cd plane, we have, along the Z directions, the field associations 
d& = &** and dH = Hye~'*?, Suppose we have a linear current- 
carrying radiator with its mid-point at 7;. The radiator is parallel to— 
the XY plane (parallel to the gate). At the gate, for the effective length 
1. meters of the radiator and its moment /,J meter: amperes, we find 


_ , 0.5Z oI lei" 
J Tov 


XE 33/647, ohms 


G(volte/m) Ls E78 0? + yo") /(2r0) 


(910) 
Zo 
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This relation is the outcome of 


ebro’ — € IBV 20? F yo? Fro? S E—Iblrot Go? +y0?)/(2r0)] = ——1Brog—IB (20?+y0?)/(2ro) 


since, at the secondary radiation center 7’, of differential area dA, we 
have 
0.5L ole Bre’ 


& = —-j ae volts/m 


where J is the loop current in amperes at 7). We see that as far as the 
phase is concerned, we must use the actual distance 7,7, = 1, in terms 
of the wavelength; 7.e., we must use the phase factor exp (—j6r}). But 
as far as the inverse distance law of the field amplitude plays a part, 
we can use the average distance 7,0’ = ro = T,0, because ro>> cd. 
The corresponding magnetic field is 


0.51 lee 
J Tov 


According to Secs. 187, 188, 221 and Fig. 371), we have, for the amplitude of 
a wave disturbance of a wavelet leaving the surface element dF of a Fresnel 
zone, a value [(Ke-’")/r] dF’, if the wavelet is a distance r from dF and K 
denotes a direction function, including other factors that are constant. 
If the amplitude of the primary excitation (due to the primary radiation) 
in the Fresnel zone element dF is e~%">/ro, for each Fresnel zone element 
dF, we have, at the reception center, a wave disturbance contribution 


Ke iro @—i8r 
dw = d 
To ip 


Hee) = € 9B (x0? +40) / (279) (910a) 


and a total effect due to an entire Fresnel zone of 


oe / / ee dP 
To dp 


According to the derivation for dF in Fig. 371b, we find, for the pth 
Fresnel zone, 


Qa K .¢-i8r0 r=z+(pr/2) 
w= —?__ 
ro +z r=z+(p—1)d/2 


e—i8r dr 
—IB (ro+2) -—IB (pd/ 2) 
ee a = 5 te €— 18 (Pd/2)] 
To 


where K, now refers to the direction function of the pth zone. But 
eM 2)[] — ¢~18(P0/2)] = gBOMMO/DA] — ein) = 2(—1)? 


For the first Fresnel zone, we have p = 1, and 


e777? — «?™P = cos (rp) — j sin (rp) — cos (2rp) +7 sin (2rp) 
= cos tr — j Sin — cos 2x + j sin 2r = —2 
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For the second Fresnel zone, p = 2 gives 
cos (2r) — j sin (27) — cos (47) + j sin (47) = +1+0+1+0 


= 2(—1)? 
In the electromagnetic case, we are not primarily interested in par- 
ticular Fresnel zones for which p = 1, 2,3, -- - . But we are interested 


in the ¢otal area A of the gate surface. This surface is the seat of a mosaic 
of Huygens wavelet radiators. We have then the comparisons of Table 
85. We obtain the resultant field at reception centers P along the +Z 
axis for distances z very large compared with the largest dimension of the 
gate area A as 


ff Ge, _ 0.5Z oleLemire ae 
oe I/ =) as ae [| Be ASIF oh 


since 


2 2 
r&et vo + Yo. 1B = 182g 1B (02+ Up?) /(22) 


TaBLE 85. GENERAL WAVE FUNCTION w COMPARED WITH THE WAVE FUNCTIONS FOR 
ELECTROMAGNETIC WAVES 


General wave function w = Electromagnetic case 
dF dA 
Areas of all significant Fresnel Total area A = ab (rectangular) 
zones (Fi, + F.+F3+F,+ F; and 7a? (circular gate), which 
+ - 955) may contain zonal areas 
K’¢~1Bro So value of Eq. (910) 
Tod 
=e corresponds itr 
dF | to 
; r 
= &oe77Br 
> e—1Bro ig a ¢-iBr a q Abe o€ 
Tov r 
p=Pp1 


for g significant zones 


For Fresnel zones, the field contribution wy, due to the pth zone of area Fp, is wp = 
constant X (Ff'p/rp)(1 + cos 6), if 7, is the mean distance rp = z + (p — 14)d/2 from 
this zone to the reception center P and @ is the angle with the Z axis under which the 
beam leaves the zone. Since the field amplitude contributions wi, we, ws, Ws, . 
at P have alternate polarity, 7.e., add as wi — w2 + w3 — wa + - , there cannot 
be too many such terms that are Frumenieadly, significant. For p zones, “the resultant 
amplitude at P is 0.5(w: + wp); the minus sign is for even p zones. Hence, for p = 
«, we have w, = 0 and 0.5w) as the result 
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where the factor exp (—j8z) can be taken before the double integral, 
since, for a particular reception center location P, the distance z is fixed. 
For a rectangular gate of a meters along the X axis and b meters along the 
Y axis, we have the integration limits x» = +a/2 and y = +b/2. 
Since dA = dzo dyo, we find 


= 0.5Z oleTe—iBe+r0) 


K 
ToZA2 


S&P = K / / €IB(@ 9! +10") /(2r9) ¢-IBlao?+0")/(22) dar dyo 


zo =a/2 dees fk. Ae ; yo=b/2 Be ok. ab 
aK / Plantes) 2 ang / Gta) ay, 
a y 


o= —a/2 o= —b/2 


1 4 1 We a vf 1 
B 2ro 7 Jae y\ To Zz (9106) 
é a/2 = 
epow/™) = x( { / cos le 
—a/2 r 
a/2 b/2 
1 1 il 1 
wife) ]} (foreliCe te 
—a/2 A \%o z —b/2 A \r z 
Tes af 1 1 
3 f sn [5(5+2)#]}) 
—b/2 A \ro zZ 


Bringing these integrals into the Fresnel forms f cos (0.57s?) ds and f sin (0.5:s?) ds, 
with the trigonometric argument 0.57s?, we have the identities 


1 1 1 1 
0.5rs? =~ ( + 3) a; 0.5rs? = — (2 + 1) ce 
A \%o z A \To 4 


giving, for p = (1/ro) + (1/2), 


x [n [y [x 
— —; dxy = d: —- = —; dyo = d = 10 
Lo = 81 a Lo $1 ‘J op Yo = 82 Bp Yo Se Bp (910c) 


We also have the relations 


US ab) Pa Tuk d eS 
/ cos ( pt) dxo / COs (: pS; ») Si \ . 
sin ( 2) ds; = ae S(s1) » (910d) 
2 2p 
; nN 
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The integrations must be taken over the respective limits 7» = +/gaand yo = +b. 
From (910c), we find these limits, in terms of s; and s, as 


2 rene! 
si=t 5 4 ime = +a de 82 = tb, lee Fresnel limits (910e) 


The arguments s; and s) appear in sine as well as cosine Fresnel integrals. Hence, 
it does not matter whether we solve the f sin (147s?) ds or the { cos (147s?) ds integrals 
in order to find the value of s. Doing this for the cosine integral, we have, for the 
expressions of (910d) and (910e), 


"3 a 2d 

fg aN Pe cos (0.57s?) ds = airs Mes cos (0.5787) ds, 
s=—av/p/2r 

I ‘tae cos (0.51?) ds = 2 [™ eon (0.573) ds, 
s=—by/p/2X as 


Since the cos (0.57s?) function is symmetrical, the integration can be taken from s = 
0 to either limit if the integral is multiplied by 2. The Fresnel arguments lead to 


9 a RS se aye > oe. 
ae ee. 2r \ro cay} ae V2 To Zz O10 


The resultant field at reception center O along the +Z axis, for a 
and 6 very small compared with the distance z, then becomes, according 
to (9100), (910d), “ie 


oS 4K = (i JS(si)J[C(s2). — 7S(s2)] — «volts/m 


Zo —i8 (z+ro) 
io d i 5) Pia <« * d ] (Zo/4)lel eB e+") 
2p rz? 2(2 + 1o)/(roe) A(ro + 2) 
with a scalar value (magnitude) of 
, Ni Elen 
4K 2p ~ XG» 2) 


where J stands for the effective current in amperes and Z) & 376.7 ohms. 
The magnitude of the field at P is then 
Lolel 


Co VG) V/{C%X(s1) + S%(s)I[C7(s2) + S%s2)] volts/m | 


1° Tey rh Arf en 
nn ovx(k +3) n= bal (E+ 2) 


If the linear primary radiator at T, of the effective length 1, (Fig. 371) 
is parallel with the X axis at reception center P, we find 


(910g) 


| 


eta lova(. +] +> [eva +3) 


volts/m (910h) 


& = 
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For a circular gate, the integration must be made over an opening deter- 
mined according to Fig. 371a by a circle of radius a meters in the any 
plane. The most general case occurs when the actual spherical wave 
front cO’d is taken into account with the actual seat of wavelet centers 
rather than the plane surface cOd given by the area ra? in the XY plane. 
This will be considered now. 

227. Circular Gate Radiator with a Spherical Wave Front. If, in 
Fig. 371a, the radius a in the XY plane is very small in comparison with 
either ro or z, then O’O is essentially negligible. We can also use the 
approximations for r and rj and deal with the actual wave-front point 7s. 
At the circular gate, we then have again formulas (910) and (910a) for 
the & volts per meter and Hy) amperes per meter fields. Each elementary 
area dA of the actual spherical primary wave-front cap cO’d, with the 
chord cd = 2a meters, causes, at any field point r, ¢, 9 (for 6 against the 
Z axis), the field contribution 


& dA 


d&o = j orn 


e—®(1 + cos 0) cosy _—volts/m (911) 


with a similar field relation d&,, except that sin ¢ appears in place of 
cos y and the expression has a negative polarity. For reception centers 
P along the Z axis, we have 1 + cos 0 = 2. In the XZ plane, we have 
cos g = 1 and 


dé, = 4 


ee €—16r volts/m 


The total field due to the entire spherical-wave-front area cO’d then is 


a, = 4 if iL van dA volts/m (9114) 
The elementary area is now conveniently taken as an infinitesimal 
narrow zonal ring around the primary spherical wave front, passing 
through the wavelet radiation center 72 of Fig. 371b, which is in the 
XZ plane. We have a semichord of length p, Which changes from p = 0 
_ to p = a meters in order to account for the entire exposed primary wave 
- front with Huygens wavelet centers such as J. The integration is also 
_ to be extended for r values, since PT’: = r varies over the extreme values 
PO’ to PT, = Vz? + a*, because p = a is the maximum value that we 
can ever attain. The derivation of the elementary Fresnel area dF is 
given in Fig. 371 and is for the case of Fig. 371a. The location 7» is 
given by r = z + (pd/2) for p = 1, 2,3, 4, -- -and 7, boundary points 
between adjacent zones. However, we are not concerned with Fresnel 
zones but with the actual area A of the entire effective spherical primary 
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wave cap cO’d. But as far as the elementary area dF in a particular 
Fresnel zone, say Fi, is concerned, it is exactly the same elementary area 
as dA, and we have 

2nror dr 


GA) tere 


sq m 

If we are interested in only the actual wave-front area A, we find 
oe | 
. To +h é Zz 


Inserting in (91la) the value for & from (910) and using also the substitution 
a2 + y; = p? for any wavelet center 72, we find, for the inverse distance effect ines 


1/z taken as fixed, 


jBr 
_ 0.52 oLlec 7""° IPro [ |. —7Bp?/(2r9)<—iBr dA volts /m 


Tr a 


(eta) ei) 


sq m 


aoiee 


z 


rer); 7 ee 
—jBro = Lise, = p? 
_ 0.5% oLlee™ Saree. ag) ety ir 
NM 02 —— 
fixed 
dA Qrror dr 
if To + z 
2 1 p? p? 
rave +p? = aft Ser =.(1 _) =et+S 
dr = dp: Wemetade 
zZ 
Qrro (22% + p*)p a? 9 
us ip = eee ied 
dA ane oa p Grae + p*)p dp 
Reda 


Since zis very large compared with any value that p may assume, we have 22? + p? = 
22? and 


T2222 2Qrr 
dA = —— p= ~ pdp 
(ro + 2)2? ro + 2 
eee, 
fixed 
2Qr7o : Sy Rae 
&: = —— e—iBz pe jBp 7 (210) ¢ jBp?/ (22) dp (911) 
To +2 
Dolleederst) {8 "9B p? 
_, eee | pe : (Car: 22)" dp volts /m 
2(ro + 2)r pee 
K 


(911e) 


Ml 
3 


ye ee! 
2ro 22 a A \ro z 


Sec. 227] ELECTROMAGNETIC DIFFRACTION 1181 
we find, for the field amplitude, 

=K [ on pei?" dp ——-volts/m (911d) 
This requires an integration by parts of the forms 


a a a a a 
udv = - vdu or } udv = |uv 
0 0 0 0 | 


Applying this to (911d) and realizing that 


Uv 


eipP* = cos (pp?) — j sin (pp?) 


we find, in comparison with the argument 0.578? of the Fresnel integrals, 


0.5 0.5 
| cos (pp?) dp = / cos (ve Bes ds za 
Pp 


and 


0. 
it eine? dp =, = [C(s) — S(s)] (911f) 


We find for u = p and du = dp 


i seine / eae r= cw — j8()] = q 


u dv 


Applying these substitutions in Eq. (91le), we have 


i] pe???’ dp = \qp “4 ody = oa — fai 
0 0 0 
38 {cw — a5 - f, | [ oo (Ge)ae a [xin (Ee *) ax | ao} 


(9119) 


This outcome still leaves the Fresnel integrals under an integral, which could be 
evaluated by drawing the corresponding functions (graphical evaluation). Since, 
according to (911c), the pquaniity p is a positive real constant, we can integrate (9114) 
by putting x = —jpp? = +pp?/j so that dxr/dp = 2pp/j, ae 
—jpa? . 
guvolts/m) 5 — a , dz = is GE il) . 
2p 2p 


eK x 
= iz, [cos (pa?) — 1 — j sin (pa?)] = — pa (pa?) — j(1 — cos (pa?)] 


K 2 2 2 K f ps 
eee fl cos | — ) — j sin =)] = 0.5 — en i(va/2) gin ( P& (911h) 
Pp 2 2 2 p 2 
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for 


rfl 1 aZ oll ee 1B rot) 
eee (eet hs he ee ee Zo & 876.7 oh 9112 
Lares, € ~ ‘) 2(rotz)r ’ : sa a 


This result shows that we have patterns which are similar to the Fraunhofer patterns. 


With respect to the theory of radiation of electromagnetic field energy 

through round and rectangular apertures as well as through a circular 
split in a conducting plane (acts as electromagnetic screen), reference is 
made to papers by J. A. Stratton and L. J. Chu, M. 8. Neumann, and 
A. A. Pistolkors.! For a circular slot aperture in a large metal screen 
of inner radius p; and outer radius pe, a voltage is impressed across the 
gap opening pe — pi, so that the corresponding & lines of electric force 
which are along the radii exist only in the plane of the aperture. Due to 
the very high conductivity of the metal screen of large dimensions, any 
tangential 6 components can be only vanishingly small, while the mag- 
netic H lines form concentric circles with the circular ring aperture. 
The theory can then be based on the classic Fresnel-Kirchhoff diffraction 
concept. We can then derive relations for the distant electromagnetic 
field and find the directivity patterns. 
_ §. Seely? has recently also applied the diffraction theory to the case 
of a parabolic cylindrical antenna in order to obtain formulas for the 
calculation of the vertical directivity pattern and the gain. The results 
of the formulas are compared also with experimental results. 

With respect to the slotted cylinder antenna, reference is made to 
the work of E. C. Jordan and W. E. Miller.* 

J. C. Slater has treated in his book‘ arrays of dipoles and image 
dipoles in rectangular wave guides and discussed the diffraction field of a 
lattice of this kind. Electromagnetic horns® were discussed by several 


1Srrarron, J. A., and L. J. Cau, Steady-state Solutions of the Electromagnetic 
Field Problems and Forced Oscillations of a Conducting Sphere, Jour. Appl. Phys., 12, 
236-240, March, 1941. Neumann, M. §., Radiation of Electromagnetic Energy 
through Apertures, [zvestija Elektropromyshlennosti Slabogo Toka, 6, 11 (1940). Pis- 
totkors, A. A., Theory of the Circular Diffraction Antenna, Proc. IRE, 36, 56-60 
January, 1948. (Consult also Sec. 249 of ‘““Short-wave Radiation Phenomena.’’) 

2 Proc. IRE, 35, 1092-1095, October, 1947. 

3 Hlectronics, February, 1947. 

4“ Microwave Transmission,’ pp. 280-288, McGraw-Hill Book Company, Ine., 
1942. 

5 ScueLKunorr, S. A., Some Equivalence Theorems of Electromagnetics and Their 
Application to Radiation Problems, BSTJ, 15, 92-112 (January, 1936); On Diffrac- 
tion and Radiation of Electromagnetic Waves, Phys. Rev., 56, 308-316 (Aug. 15, 
1939); “Electromagnetic Waves,’”’ pp. 360-365, D. Van Nostrand Co., Inc., 1940; 
Barrow, W. L., and F, D. Lewis, The Sectorial Electromagnetic Horn, Proc. IRE, 
27, 41-50 (1939); Barrow, W. L., and L. J. Cuu, Theory of the Electromagnetic | 
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authors. Such diffraction radiators have inherent features, since they 
are independent of resonance effects and operate, therefore, over a wide 
frequency range. Horns are used for causing an electromagnetic field 
energy stream to concentrate into sharp directivity patterns beyond the 
aperture of the horn. Rectangular and circular apertures are used. 
Conical horns seem to give the most simple diffraction radiators, and in 
the range of moderate antenna gains (in the neighborhood of 20 db) 
are quite compact in size. Inasmuch as the length of a conical horn 
increases directly with the power gain, the length of the horn may come 
out objectionably long for high field power gains. The directivities 
are similar to those obtained for rectangular and pyramidal horns. 
Generally, a conical horn forms a section of a right circular cone and is 
energized by a cylindrical wave guide, where the guide joins the horn. 
However, a rectangular wave guide which is gradually flared into a 
circular wave guide or into a horn can be used. For the dominant 
TE,,o excitation in a rectangular guide or the TE, excitation in a circular 
guide about the same directivity patterns are obtained. Ifa rectangular 
guide feeds a flared-out horn with a TEo,: wave, we have a rectangular 
aperture of A = ab square meters for the mouth of the radiator in the 
XY plane with b meters in the Y direction and a meters in the X direction 
if the radiator points along the Z axis of the XYZ system. The flare 
angle holds then for planes parallel with the XZ plane where for men- 
tioned excitation the dimension 6 is smaller than the dimension a. The 
shape of the rectangular aperture then fixes the radiation pattern; the 
elementary dipoles act over the aperture and are parallel with the vertical 
Y axis. The radiated field is then proportional to the forward factor 
(1 + cos|@), as well as to & volts/m at the aperture, where the dipole 
is instrumental. The angle 6 is the angle that the direction toward a 
particular field point makes with the Z axis. The Z axis is normal to the 
aperture and passes through the symmetry point of the ab area. If the 
horn points toward the Z direction (maximum effect), and is used as a 
field pickup, the ratio of the electromagnetic field energy picked up by the 


Horn, Proc. IRE, 27, 51-64 (1939); Barrow, W.L., and C. Suunman, Multiunit 
Electromagnetic Horns, Proc. JRE, 28, 130-136 (1940); Sournworru, G. C., and 
A. P. Kine, Metal Horns as Directive Receivers of Short Waves, Proc. IRE, 27, 95 
(1939); Bennerr, H. 8., Transmission-line Characteristics of the Sectoral Horn, 
Proc. IRE, 37, 738 (July, 1949); Horron, C. W., On the Theory of the Radiation 
Patterns of Electromagnetic Horns of Moderate Flare Angles, Proc. IRE, 37, 744, 
(July, 1949); Kina, A. P., The Radiation Characteristics of Conical Horn Antennas, 
Proc. IRE, 38, 249, March 1950; ‘Ultra-high Frequency Techniques,’’ edited by J. G. 
Brainerd, p. 481, D. Van Nostrand Co., Inc., 1942; Terman, F. E., ‘Radio Engi- 
neers’ Handbook,” pp. 824-837, McGraw-Hill Book Company, Inc., 1943. 
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rectangular aperture A = ab square meters to the picked-up field energy 
of an elementary electric dipole is 8.44/\*, where A/)? is the area in 
square wavelengths. This relationship becomes inaccurate when the 
smaller 6 dimension becomes comparable with \/4 or shorter than \/4, 
respectively. Schelkunoff has shown that for TE waves in guides and 
electromagnetic horns of moderate flare angles, we may assume a suitable 
distribution of surface electric currents J and of surface magnetic currents 
Jm which act in the aperture that radiates. Previously! we found 
J =n XH and Jm = —n X &, where n is normal to the aperture and 
H and & are the values of magnetic and electric fields at the aperture. 
We deal then with magnetic and electric current sheets in the aperture, 
and can find the electric as well as the magnetic field at a distant space 
point P from a magnetic vector potential A,, and an electric vector poten- 
tial A,, as is shown in the Appendix in Sec. 246. C. W. Horton? has 
given patterns in the & plane caused by the TKp,; excitation and in the H 
plane by the same excitation in a bisectoral horn. For a cylindric guide 
of diameter d, feeding a conical horn of diameter D at the aperture, we 
have an aperture diameter D/) in terms of the operating wavelength. 
The horn starts then with a diameter d and flares to a diameter D. 
Extending the cone to its apex (this does not exist in reality), we find 
the axial length L with the mentioned extension. With the same exten- 
sion / denotes the radial length. A. P. King’ has shown that for optimum — 
horns, we have the relations 


iL dy Da 


A. P. King has also given a plot for D/d against the absolute gain in 
decibels for different values of L. Gains up to about 30 db are then 
possible. With respect to the effective area A. of conical horns, it is 
defined by gd?/(4m) where g is the absolute power gain and ) denotes the - 
free-space wavelength. If we deal with a radiator whose intensity | 
distribution as well as polarization and phase is uniform over the | 
aperture, we would have A, = A = 7D?/4, which is the actual area in - 
square meters if Dis in meters. But this is not the case in many appli- | 
cations, and we use A,/A as the relative numerical value. We have then 

Aaa g 

A #(D/d)? 


Values of A./A from 20 to about 85 per cent are then possibilities. 


1Pages 148, 348-860, 367, 1030, 1092. 
2 Op. cit. on p. 1183. 
3 Proc. IRE, 38, 249, March, 1950. 


CHAPTER IX 
WAVE GUIDES AND CAVITIES 


Wave guides differ from customary transmission lines, such as a 
parallel-wire feeder and a concentric line feeder, respectively, since we 
have normally only one conductor within which we have a dielectric, 
usually of rectangular or of circular cross section. The energy is trans- 
ferred either by TE waves or by means of TM waves in the dielectric, 
within metal tubes. Inasmuch as the dielectric is the medium in which 
field energy is being transferred, it is also possible that under certain 
conditions a wave may be guided in a dielectric tube that has no metal 
boundaries. Cavity resonators are sections of metal wave guides that 
are closed by metal at both ends. They form metal wave boxes, so that 
no field energy can escape into the space outside the box. As inthe 
ease of customary transmission lines, which are short-circuited at either 
end, cavity resonators exhibit an infinite number of resonance frequencies; 
and for each mode of transmission, there are resonance modes that cor- 
respond to an integral number of guide half wavelengths. Inasmuch as 
in a wave guide we have no return conductor, we have at least one longi- 
tudinal field component along the guide direction (Fig. 19). Thus for the 
TM waves, we have in addition to the transverse electric field also a 
longitudinal electric field, besides the completely transverse magnetic 
field. For TE waves, we have in addition to the transverse magnetic 
field also a longitudinal magnetic field along the guide direction, besides 
the completely transverse electric field. For this reason, the TM waves 
are often also called ‘‘longitudinal L”’ waves and the TE waves are often 
also called “longitudinal H”’ waves. So far in the text, we have already 
dealt with TE and TM waves, and it is, therefore, possible to treat the 
subject of wave guides briefly and with respect to essential features. 

228. Possible Waves in Guides Due to Boundary Conditions. When 
dealing with metal guides, it is convenient first to assume metal walls 
of infinite conductivity. Even for finite conductivities, such as for 
copper walls, any small electric field components along the conducting 
inside surfaces of the guide will supply only the attenuation losses due 
to the finite conductivity. Therefore, even with actual guide materials 
such as copper walls, only electric field components entering or leaving 
the metal walls perpendicularly, can play a part in the field energy trans- 
fer along the guide. Table 10 compares the theories of TE and TM 
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waves in guides along the Z direction. Formulas are given in this table 
for guides with a rectangular cross section (a meters along the X direction 
and 6 meters along the Y direction) as well as for a guide with a circular 
cross section with a radius of a meters. For the circular cross section, 
we have a cylindric guide and, therefore, must use cylinder. coordinates 
r, 9, 2, aS shown in steps 20 to 25 of Table 10. We deal then with Bessel 
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Fic. 372. Possible displacement currents and corresponding electric & lines for a TM wave 
in a hollow guide and in a coaxial line. 

distributions instead of sinusoidal distributions in order to meet the 
boundary conditions. Formulas (405) and (406) give the expressions 
for the wavelength along the guide (A, = \,)-in terms of the unobstructed 
space wavelength d of the dielectric medium within the guide. For air 
as the medium, we have \ = 300/f meters, where f is in megacycles per 
second. Table 10 also gives expressions for the respective cutoff wave- 
lengths \, in meters, above which, 7.e., \ = A. meters, the guide acts 
as an attenuator and no useful guide action is possible. For a frequency 
f Sf, where f, is the corresponding cutoff frequency, we likewise no 
longer have wave-guide action. It is now of interest to find out what is 
meant by the different modes of TE and TM waves in guides with such | 
cross sections. Figure 372 indicates possible longitudinal displace 
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current distributions for a hollow metal cylinder and in the space 
‘between coaxial cylinders. We note that the longitudinal displacement 
current value must fall off toward zero value as it approaches a metal 
surface, since the tangential 6 component along such a surface must 
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Operating wavelength must be shorter than the cutoff wavelength \.;& = &, entirely along 
Y direction and transverse to wave motion (hence TE wave); H is partially transverse 
(along X direction) and partially longitudinal (along Z direction) within the guide. df, = 


1/~/ uk m/sec where » henrys/m and « farads/m are the constants of the wave medium 
within the guide. For air \.f- = 300 if f. isin Me/sec and 2¢ in meters. 


Fie. 373. Field configurations of fundamental TEm,, waves in a rectangular wave guide. 


vanish for ¢ = « mhos per meter. The corresponding electric & lines 
then show a longitudinal as well as a transverse component if they are 
not too close to the metal boundaries. At the metal boundaries, we can 
have only an & field normal to the boundary for an infinite metal con- 
ductivity. The displacement current distribution acts, in effect, as the 
return for TM wave excitations. Figure 373 shows two possible field 
configurations within rectangular guides for TE,,, excitations. The 
subscript m is the number of half-period variations of the field along the 
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X direction, which represents here (as usually) the larger dimension of a 
meters, and the subscript n is the number of half-period field variations 
along the Y direction. Since only the & field in Fig. 373 is entirely 
along the Y direction, 7.e., along the shortest dimension of b meters, we 
have & = &, volts per meter. For a rectangular cross section of ab square 
meters, we deal with Cartesian coordinates. The boundary conditions 
then require an electric field &, distribution along the a dimension, which 
may be perpendicular to the top and bottom surfaces of the rectangular 
guide, but can have no tangential field along the perfectly conducting 
side faces of the guide. The simplest harmonic &, distribution is then 
the half sinusoid, known as the TE;,5 mode, because n = 0 for & = 0. 
For this distribution, we have no tangential & field along any of the guide 
metal faces and deal with the dominant wave excitation of the guide. 
The next higher mode of TE,,,9 waves is the TEs» wave for which we 
have a full-period &, variation along the a dimension. We found in 
Table 10, that the cutoff wavelength \, in meters and the cutoff frequency 
f. = 300/A. in megacycles per second, if air is used within the guide 
(v= 1/V ux = 1/Vuoxo = ¢ = 3 X 108 m/sec), are found from 


2 300 
Me = ————————— and f= Me/sec for TEmn Waves 
VV (m/a)? + (n/b)? Ae 
where m = 1, 2, 3, ---;n =1, 2, 3, --- ; and a and b are in meters. 
2 300 150m 
a bat and f, = Sane bees Me/sec. for TEn,o waves (§ = &,, Hz, Hz) 
m é a 


2b 150 
N= and lfe.— Z Me/sec for TEo,, waves (6 = &, H,, H-) 
n 


2a 2a 150 for TE1,o waves (halfzperiod 
es ee 20a = an Me/see variation along X direction) 
2a 150 X2 300 for! TEsce eee 
a = = @ and foa=—— =—  Me/sec period variation along 
- 4 X direction) (912) 
for TE3,o waves (one 
sat 2a a onde 150 X 3 _ 450 WMG face and one and one-half 
ees 1.5 a a period variation along 
X direction) 
= ob 150 Be . for TEo,1 waves (half-period vari- 
eS ‘ive aban rie Mc /see tien along Y direction for &,) 
p20 2 300 for TEo,2 waves (full-period variation 
a DL blend tree er, aaeysec along Y direction) 
tvs 2b bes Jb; and f. = 450 Bic see for TEo,3 waves (one and one-half 
Saale b 4 period &, variation along Y direc- | 


tion) 
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From these results, we note that for frequencies higher than 150/a 
megacycles per second, we have, for the rectangular guide of Fig. 373, 
a possibility of guide action for all TE, waves, i.e., for TE1o, TEa,o, 
TE3,0, . . . waves, if only &, electric polarizations prevail within the 
guide. Figure 374 shows how we can, for instance, excite TEy,0, TEs, 
TEHs,o, and TE.) waves with & = &, fields and H, and H, fields. Figure 
375 gives the comparisons between the field configurations for TE, 


Coaxial.) 
feeder 


| ff ay 
Iiphase\ ii phase 
ES =4; 7=0 Antiphase 


'} 
i 
/ 


€y=& ein (- Tx) Ey*Eoe hin ( 2m) y= Ege Ege! Sin (B <A) éy= Ene” Sin HA ‘) 
TE mo waves 


Fic. 374. Excitations of TEn,0 waves by means of coaxial feeders with their central wires 
exposed within the guide along maximum & lines. 


and TE,,; excitations in rectangular guides and the TE,, excitation in a 
cylindrical guide. For the TE, excitation of the rectangular wave 
guide, we have transverse H, and H, magnetic field components in addi- 
tion to the longitudinal H, magnetic field component. We have also 
the transverse &, and &, components. This would be expected, since the 
TE wave is of the general TE,,,, form, with a cutoff wavelength \, and 
the corresponding frequency f., which depend upon the a as well as the 
b dimension of the guide. 

Figure 376 gives the electric & lines in the rectangular and circular 
wave-guide cross sections for some of the TE modes as well as the H 
lines for some of the lower TM modes. Figure 377 gives the electric 
as well as the magnetic field configurations in the cross section as well as 
along the guide for circular cross sections of a meters radius. Table 10 
shows how to compute the cutoff frequency f,, below which no useful guide 
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action is possible. We may have then, for instance, TE,,, waves in a- 


circular guide as well as TM... waves. If n = 0 in the TE, mode, 
we have the TEom circular wave, where m is the number of cylinders 
(including the metal boundary r = a meters of the guide) from which the 
& field vanishes. Therefore, the TEo,; mode must have the lowest cutoff 
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frequency. For the guide along the Z direction (as in Tables 10 and 86), 
we have the cylinder coordinates 7, yg, and z, where r is any radial distance 
from r = 0 to r = a meters, where a is the inside radius of the circular 
guide. In the TE,,, waves, we deal with noncircular waves if n 4 0; 
and according to the definitions of the IRE on guided waves, n is the 


Guide axis 

Z points 
normally 

Into the paper 


of guide 


Ecirculation é 
Ac= 26 or(meter) Ie=/.14.a (meter) Ac=164 aq (meter) 


=. ~~ ° 
ote A aa 
eat Be : which the 
ot RE 3 ee) Zz 5 
vars) © aXIS_, 

su eS) 7a A makestie 

g (meter, ej with NS 

> ° 2a (meter) 

-. 


Dark and empty circles 
are points at which H lines 

enter or leave for 7M waves 

the plane of the paper (perpendicularily) 


Ecirculation — Parle é lines 
R, L> Spee Hlines + 
R, circle: PH Z axis points 
H lines Qaebsare say perpendicularily 
Aberrant ey, into the paper 
Y~a circle Na testineenty, 


RS 


Harculation TE, TEM 
Ac=1 64a (meter) Ae=34/a (meter) § H lines. 


Se Pe A ee 
Soa 


qimeter) (54 o 


ele 
676-0 10} of -0-— =e —\0! 
3 \eiclol es lols amend 


0 Jo 10] oF ops isle with NS 
Y of oy Die joie —>Z 


° © lojo1 Oo; 0 2 jele 
2 .2_Jo}ololo_-_evele 
e © 0,0,0 0 e eje 


For TE waves & lines pass perpendicularily into the paper at dark 
circles and emerge perpendicularily out of the paper atempty circles . 


Fie. 377. Typical & and H circulations in cylindrical wave guides. 


number of axial planes and m is the number of cylinders (including the | 


metal boundary of radius r = a meters) to which the & vector is normal. 
The TE,,1 mode is then the dominating wave, with the & lines approxi- 
mately parallel with the diameter. The TM,,, is likewise a circular 


wave, but a circular magnetic wave, where m is the number of cylinders 
(including the guide metal cylindrical inside surface) to which the electric 


i 


vector is normal. The TM,, circular magnetic wave has the lowest | 
cutoff frequency. For n 4 0, we have noncircular magnetic waves, with | 
n as the number of axial planes to which the & vector is normal, and m 


it 


N 
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is the number of cylinders (including the metal boundary) to which the 
§ vector is normal. Since for a rectangular guide the cutoff wavelength 
Xe = 2a meters, the TE;,. mode requires that a > \./2 meters, where, 
for air as the guide dielectric, \. = 300/f%. For the TE ,1 mode, we 
have the requirement that b > ),/2 or the operating wavelength \ < 2b 
meters. We have similar relations for all the other modes, since wave 


TABLE 86. CuvTorr CHARACTERISTICS AND FIELDS IN CircuLAR GuiIpEs ror TM anp 
TE Waves 


eee 
Cutoff Cutoff 
wavelength,| frequency, 
Wave type Fields ic Kite m Me/sec 
= 6.28 ols 300 
ORG allieegele ed) 
2.405 11 
TMo,1 &, &,, Hy 2.405 2.6la ue 
a a 
5.52 264 
TMo. &2, &, Hy 5.52 1.1354 — 
a a 
8.65 414 
TMas &, Er, Hy 8.65 a" 0.7254 — 
a 
3.832 183 
Ti, &2, &r, &, H,, Hy 3.832 1.64a — 
: @ ‘a 
3.832 1 
{MDa léles Vales, Be 3.832 1. 64a eee 
a a 
1.84 
TEi,1 Ii has Mile, Delay tp Coxe 1.84 aS 3.41a & 
a 


Remarks (for air as dielectric): Radius a is in meters. The kn,jm Values are taken from step 25 of 
Table 10. In Table 86 no distinction is made between knjm and kn,m’, since the results of step 25 are 


c 1 3 X 108 
used. fe = — = eycles/sec for air. 


Do 6 
guides are high-pass feeders, and for frequencies below the cutoff value 
f., the guide acts as an attenuator. 

229. Notes on Surface Conduction Currents and Displacement Cur- 
tent of Guides. When electric & lines of force terminate on the inner 
metal surfaces enclosing the guide space, as in Fig. 375, they cause surface 
charges of opposite polarity as at the surface element from which they 
emerge. We have then displacement currents along the lines of electric 
force. There must also be surface currents, which bring about an 
equalization of the above-mentioned surface charges. Figure 378 gives 
the details of displacement currents J, and conduction currents J , both 
in amperes per meter, if taken in thin layers of the inside dielectric of the 
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guide and along the inside metal surfaces, respectively. The rectangular 
guide is excited in the dominant TE). mode. These current density 
dimensions are based on the fact that at UHF’s, the currents in a volume 
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Fie. 378. Conduction and displacement current flows a a a, excitation in a rec- 
tangular wave guide. 


of metal flow only in a very thin surface layer on surfaces of the metal 
next to the field that causes the currents. 


We must realize that in wave guides, we normally do not apply an HF voltage - 
(though this could be done) between suitable points on the inside of the guide. We 
apply a field inside a guide by means of a linear radiator or a small current loop which 
projects properly into the guide space in order to excite a particular mode (for instance, | 
as in Fig. 374, where the inside conductor of a concentric line acts as a linear radiator, | 
which fits in with the electric field distribution, while for a small single loop the — 
orientation of the loop fits in with the desired magnetic field orientation of a par- 
ticular mode). Therefore, with the customary excitation of guide waves, we start 
with field sources within the guide, and any surface conduction currents can be only 

| 
| 


on the inner metal skin of the guide (except at the open end of a guide, where, if | 
proper precautions are not taken, a surface current may creep around toward a thin | 
outside surface layer). For customary parallel-wire lines, we impress a voltage 
across the input terminals of the double line, and start with a current that, by virtue | 
of its effects, causes fields within the wires and around the wires. For short waves 
and good conductors, such as copper wires, the inside field exists essentially only | 
next to the conductor surface, and we have a current flow only along a thin 

outside surface skin of the wires. If we apply a voltage to a concentric line, the _ 
external field, which is associated with the current flow, is then essentially only between 
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the outside surface skin of the inner conductor and the inside surface skin of the outer 
conductor at VHF’s and UHF’s. However, if we deal with LF currents, the thick- 
_ ness of the outside conductor may not be great enough to accommodate the inside 
surface skin along which a current flows, and the concentric line may be “‘hot’’ out- 
side, 7.e., cause alternating fields outside the concentric line, even if the line is infi- 
nitely long or closed at either end. This outcome that the current flows only at 
VHF’s and UHF’s along very thin surface skins of a conductor, nezt to the fields that 
cause the currents, can also be explained by the expressions and evaluations of pages 
3, 10, 43, 45-52, 1197, where it is shown that electromagnetic fields arriving at the 
surface of conductors are partially reflected from it and partially transmitted to a 
very small depth because, on account of the high conductivity of good conductors 
at high frequencies and especially at UHEF’s, the attenuation of the penetrating waves 
is exceedingly high. 


Figure 378e shows a section of a rectangular wave guide for which 
the dominant TE;,) wave travels along the +Z direction. For such a 
mode, we have the electric field entirely transverse to the direction of 
wave propagation, as well as entirely along the Y directions. This 
means that the excitation in the rectangular cross section is as in Fig. 
378h, with a half-period &, distribution along the a dimension. This 
causes then, for the chosen direction of transverse &, lines, positive charges 
along the inside line AD, falling off according to a sinusoidal law toward 
A and B, since we cannot have a tangential &, field along AF or along 
DH. In Fig. 378a, b, c, d, and e, we deal with a guide length z = / 
meters, which is chosen equal to half of the wavelength \, along the Z 
direction. This means that if the left ADHEA plane (cross section) 
in Fig. 378e has an &, distribution, as in Fig. 378h, the right cross section 
BCGFB must have an equal antiphase &, distribution. It also means 
that somewhere between these end planes, namely, in cross section 
MNOPQRM (Fig. 378f), we must have no &, fields at all. On account of 
the antiphase &, distributions at respective end cross sections, we have 
positive charges along AD in Fig. 378e but negative charges along HH 
on the inside metal surface, with no such charges at A, D, E, and H, 
due to the sinusoidal half-period distribution. We know that along 
electric & lines in dielectrics, we have displacement currents with a 
density in amperes per square meter. Therefore, when the & lines of 
equal intensity arrive normally to a metal surface of 1 sq m, they will 
cause a charge of «oS coulombs per square meter at the metal surface 
(for details read page 65). In wave guides, we do not have & lines with 
a uniform distribution but have, as in Fig. 378h, a half-sinusoidal &y 
distribution of a maximum strength 8s. Therefore, in Fig. 378e, we 
have, in the same ADHZFA cross-sectional plane, corresponding linear 
displacement currents J.,, which are likewise distributed along a half 
sinusoid. The corresponding positive charges along the AD edge and 
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negative charges along the HH metal edge are then strongest at the mid- 
point of edges AD and HH and fall off cosinoidally toward A and D 
and £ and H, toward zero value. In the same way, we have, in Fig. 378 
at the end cross section BCGFB, charge distributions along the metal 
edges BC and FG, but with opposite polarities. These charges then 
cause the indicated quasi-surface conduction currents Jz. in amperes 
per meter along the upper and lower metal inside surfaces ADCB and 
EHGF of Fig. 378. Only a few of these surface currents are shown and 
marked with subscript x, z, since they are generally in such a direction 
that there is a longitudinal J, and a transverse J, component of J,,z. 
There are also completely transverse J, conduction surface currents on 
the inside guide metal front and rear faces. This can be readily under- 
stood by examining representations a, b, c, and d in Fig. 378. It is 
understood as the TE. moves along the +Z guide direction with the 
phase velocity 


w B= LOe 300 
— = —— m/sec; =A™ = ~—_ 9124 
Be ~/1 — (d/2a)? / f Mo/seo) (912a) 


c= 


where a is in meters for air as inside dielectric, causing the wavelength 
Ay = Az meters along the guide as 


nN 
4/1 — (0.5x/a)? 


Therefore, all indicated conditions in Fig. 378 move to the right with the 


i) for A < \, <32agn (912b) 


above-mentioned phase velocity. We note that at N in Fig. 378a and 
e and at Q in Fig. 378c, we have a “bucking”’ conduction current inter- _ 


ference. From Fig. 378f and g, we learn that we have a longitudinal 
half sinusoid for the transverse conduction current J, in the front and 
rear face planes and a distribution as indicated for the transverse dis- 


placement current Ja, in the central ISKLI plane. Figure 378g shows | 
the different displacement current distributions Jz, In exactly the 


same way, surface currents and displacement currents can be shown for — 


other modes as well as for different modes in circular wave guides. 


230. Internal Impedance of a Plane Conductor. There is no con- 


ductor with a perfect conductivity, even though annealed copper has a __ 


value in the neighborhood of ¢ = 5.8 X 107 mhos/m. We then always 
have a small electric tangential 6 component along the metal surface, 


which accounts for the wave energy entering a thin skin of the copper | 
surface. This energy is dissipated in the thin skin as joulean heat. At 


the boundary (the copper surface), we have a discontinuity, since the 
magnetic field H amperes per meter is tangential to the boundary just 
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outside the metal surface (in air) and is zero on the other side of the thin 
copper skin. The discontinuity must then be equal to the surface current 
flowing on the surface of a plane conductor. A surface current is the 
limiting case of a volume current, just as a linear current is the limiting 
case of a surface current. The thickness of the surface current skin is all 
the smaller the higher the conductivity and also decreases with the oper- 
ating frequency. If we have a block of copper with its XY surface next 
to an electromagnetic field and a thickness along the Z direction, a tan- 
gential H, field, in amperes per meter, must measure the surface current 
in amperes per meter. Therefore, if the copper surface is 1 m wide, the 
surface current is H amperes. The internal or surface impedance of a 
conductor is the total voltage at the surface divided by the total current 
in the conductor, no matter how deeply the current penetrates below 
the surface of the conductor. For a perfectly conducting metal block, 
there can be ho tangential & field at the surface of the conductor and 
therefore no field energy flow into the conducting block. This means 
that the ratio of tangential field components & = 0 and H, yields a 
zero impedance &,/H, = 0 ohms. If we could find a medium that would 
approximate &/H, = ~ (infinite impedance), we should have the tan- 
gential field H, 0. Good conductors, such as copper, cause very low 
impedance values, and we have, for the tangential fields along the surface 
of a copper block, the small value of 


] 


Zo = FF = [5 (1 +4) = Ro +5Xo ohms; 
y o 
| (913) 


(43) 
f= 6.98 cycles/sec 
B = po = 1.257 X 10-6 henry/m; NEE 5.8 X 10” mhos/m 


The derivations on pages 48, 829, 855, 858-859, 863-867, 914 show that 
the characteristic impedance is independent of the angle of wave incidence. 
We find for f = 100 Mc/sec 


ae 1.257 X 10-® X 6.28 X 100 X 108 
i 2X 5.8 X 107 


= 0.002608 ohms 


Formula (913) and the propagation constant T in a good conductor 
T= V0.5cuo (1 +7) =a +58 (918a) 
were found from the differential equation 


2 1 
g ze = jouol es; solution Jz = Joe~Ati)z/5. 5= 
dz V Thof 


(9130) 
f= oa eycles/sec 
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where yp is in henrys per meter, o in mhos per meter, z in meters; 6 is the penetration 
along the Z direction (normal to surface of metal and into the metal) at which the cur- 
rent density Jz is only 0.369J) (= Jo/e), and J» denotes the current density at the 
surface of the metal (at z =0m). But the current density at the surface is Jp = 
o&z, Where & is the small tangential electric field component along the metal surface due 
to an electromagnetic wave arriving from the air dielectric. The total current J, per 
meter width is then the summation of all the J, dz effects taken over the limits 
z2=Otoz= 0. Hence, 


i - 0 -) 
4 b0& 
ih, = / nip = / oh, OH/8 dz = — amp /m 
z 0 eee 


(913c) 
volts/m 


The surface impedance (internal impedance of the conductor) becomes, 
per square meter surface (1 m wide and 1 m long), | 


Les bee ee AEE ee . 14 yf 
4. es a6 oo te) o o TJ o 


s Rs wi | 
ohins /a5e f (9134) 


w 


628 = cycles/sec | 


where u is in henrys per meter and the internal inductance JL; is in henrys. 
For silver, copper, and brass, we have wp = po = 1.257 X 10-* henry/m | 
and find 


Re =arozex 10-* ~/f ohms for silver | 
Renew 10-4 ~/f _ ohms for annealed copper (913e) 
R; = Gitex 10-* ./f ohms for brass | 


where f is in megacycles per second. We have very thin current skins | 
at the surface of the metal, since 


9 = 
6m) = po? ie for silver if 
Vf 
5 | 
5m) = ae for annealed copper } (913f) 
Vv. 
dl 
6) = oe Xe for brass 
Vf 


where f is in megacycles per second and 6 = z meters is the thickness | 
of the skin for which the current density J, has fallen to 36.9 per cent 
of the value at the surface. We then can readily coat the inside metal. 
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guide with a thin layer of silver in order to improve the efficiency of 
the guide, since even for 100 Mc/sec only, we find 6 = 6.42 X 10-8m 
= 6.42 X 10-* mm, where 1 mm is about the thickness of a pencil line. 
Such a coating would then give a surface resistance R,, at 100 Mc/sec, 
of only 2.52 X 10-* ohm, while an annealed copper guide has 2.61 x 
10-* ohm at this frequency. 

231. Remarks on the Power Flow along a Wave Guide. For perfect 
guide conductivity, a power transfer is possible only for operating fre- 
quencies higher than the cutoff frequency f.. Table 10 shows how to 
compute the limiting frequency f,. Formulas (912) give details on the 
evaluations for rectangular guides, and in Table 86 are details for cir- 
cular guides. From Table 10, we also note that for all shapes of guides, 
it is convenient to define the characteristic wave impedances Zry and 
Zrx in terms of the three-dimensional wave impedance Z) = V/ u/«x ohms 
holding for the wnbouwnded (unguided) wave medium and in terms of the 
cutoff frequency f, as well as of the operating frequency f. We have then 


Zorms) = Zou = pLo for TM waves; 
Geil = as for TE waves 


914 
Zo = ae = 376.7 ohms for air as inside dielectric oy) 


Sa. - ye 
p= V1 ) f 


These wave impedances are based on the ratio of the transverse electric 
and magnetic fields with respect to the guide direction. Along the guide, 
we have the phase velocity c’ = v,, which determines the guide wave- 
length \, = A,. We have 

Uz 


m/sec; Ng = Bexolon/eee m 


1 
vz, = 
K 
: a hay (914a) 


Vuk 


The flow of field energy in a hollow guide can be found from the znphase 
transverse electric and magnetic fields by means of the Poynting vector 
p=6&X4H. According to (12), for the power density flowing through 
the guide along guide axis Z, we have 


= 3 X 10° m/sec for air within the guide 


p, = &:H, — &H, for rectangular guides 


914b 
De eH, —6,H , watts/m? for cylindrical guides ( ) 
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since all these field components are tangential with the cross section of 
either a rectangular guide or a circular guide, respectively, and the power 
flow pz per unit cross-sectional area must be along the Z axis of the guide. 
Now for a rectangular guide, according to Table 10, for a TM wave, 
for instance, we have to solve the differential equation V2, = —Kg, 
yielding the two-dimensional Laplace equation 


cs _ |(m\? rae? 
mt ge- -K%s K= (2) #4 (F) (9140) 


just as for TH waves we have 


07H, 7H 
One 


Weel s = SUT ERY = — KH, (914d) 


where a meters is the cross-section dimension along the X direction and 
b meters along the Y axis. We have then the following details: 


For 


fae ip ee 2. = ait Be = po V ux 
K 


c K ——— 
p=V1-—»; vp mie. fe = ——— = ecycles/sec; K = / A? 2 
y 6.28 AA ik ; : 


T = exp [j(wt — B.2)] 
with a and 6 in meters, we find 


& = Sr sin (tA) sin (yB) volts/m; 


ls : 
He =97r EZ, & sin (tA) cos (yB) amp/m 


0 


all relations for TM waves as : 
Hy = —jr Xz, & cos (A) sin (yB) amp/m 
c (914e) 
&: = pZoHy volts/m 
&y = —pZ.H, volts/m 
( H. = Hor cos (2A) cos (yB) amp/m 
. vBZo : 
& = jr K Hy cos (xA) sin (yB) volts/m 
- ar ae B) volt 
all relations for TE waves ae K oun (eee 8 volte 
& 
a= —°g. amp /m 


&z 
Hy = p Z, *™mP/m J 
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Applying the left relation of (9146) to a rectangular guide of ab square meters cross 
section, we find, for the general TEm,, mode, the Poynting energy flow 


kor Bz a Mra ny 
lige Ss a E (=) cos? (= 
2 j 
a < cos (=) ate Cl sin? (wt — B22) } watts/m? 


It is the average power of P. watts across the entire cross section of ab square meters 
that gives the total power flow along the guide. The average value of the time func- 
tion sin? (wt — 6.2) is equal to 14; and by integrating over the cross-sectional area of 
the rectangular guide, we find 


= pthc i po dx dy = — abs} watts form =1=n (914f) 


where w/6.28 is in cycles per second, x in farads per meter, & in volts per meter, a 
and 6 in meters, and 8, is as in (914e). 


The guided field power is then proportional to the square of the 
maximum longitudinal & value of the 8, field occurring at the center of 
the guide. That the longitudinal instead of the customary transverse 
unbounded (unguided) space maximum value plays a part is evident, 
since the longitudinal field is, in equivalence, the return instead of the 
second metal conductor. We then find the following results in the same 
way: 


peerat) = 7 85 X 10°xG, fabs? for a rectangular guide and | 


TMi 

Pa= 0.85 X 10°x8.f(a&)* for a square guide (a = 6) 

and TMi 

B2f(38.14n)? for a rectangular 
= 5 2 

9 eg bK4 ee guide and TE mode (9149) 
iol 9 L026. fab? for a rectangular guide and | 

TEo1 


where 8, is as in (914e), f is in megacycles per second, a and b are in meters, 
uw is in henrys per meter, « is in farads per meter, & is the maximum 
value of axial &, field in volts per meter, and Hy is the maximum value 
of avial H. field in amperes per meter. For all cross sections (such as 
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circular, rectangular, square), we have, for the power guided along the 
Z direction, the formulas 


Pow — of, | | stas ers 
0 Ss 


914h 
WD (914h) 


a) | H?2 dS for TE waves | 
2 s 


(watts) — 
eres = 


A/ a ky V4 
where g = a. y= zs, Zo = AE = 376.7 ohms for guides con- 


taining air; S = ab sq m for rectangular guides; S = a? sq m for circular 
guides. Double integration must be extended over Cartesian x, y, z 
coordinates for rectangular guides and over cylinder coordinates 1, 9, 
z for circular guides. These relations are the outcome of the Poynting 
vector method used above, where we find the time average for the power | 
component as 


pz = 4% Re (& X H*) watts/m?; total power flow P, = 144 Re BE (§ X H*), dS 


watts 
§-H* 1 * Lie * * 
De eee jens -H* = 5 40H» H; + H,- H}) for TM waves 
rs i Boweee 1 p . A 
P= 58 H So Zp 2500 for TE waves 
40) / = 0 
since 


bs 8 
pZy = Zr; a. > lie ye H | 7 (*) ; Zo = P 
p f K 


We have also for TM waves 


wok 0&2 wk 0&2 
Hz =j—= ; H, = -—j=—— 
1k Oy : 4K on 
with the phase factor ¢/¢-8:2), and find 


wk 0&2 _oK O&2 wx? [ ag, \? 
H,- Hz = ¥) K2 mid hase = SS tee 
XK? dy K? oy K* \oy 
ok O82 _oK O8¢ 22 (as.\? 
yee, =| —j —~ =) 45 = 
K? dx K2 dx K* \odz 


where K = 2rf, V/ pe Hence, for TM waves 


at 7, ote | ( a8 : 062\" 
oe a. Ox 5 oy 


where [ ] = (V&,)? and V8. is a gradient along the X and Y directions. 
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1 wo? 1 oe ¢ 
P, = = p4)>— 2)? =-— a as. 
2° 0 f fpeveo ads 9 P40 Kk | [pas 


9 2 
O.5pZaw%? 0.5 A/ 1 93 octet Pe i 5a: ) 2 A memes GE 
u Vv 


watts 
1 FY 
K? wo UK 2 We 


and 
0.5pZ ow?k? _ 0.5¢ 


Kk? Zo 
a Bue 82 dS watts 
2Zo S ‘ 


In exactly the same way, the second relation for TE waves in (914h) is 
confirmed. The procedure of conjugate vector multiplication, such as 
H - H*, is described on page 117. 

232. Power Dissipation and Attenuation in Wave Guides Due to 
the Finite Conductivity of the Metal Walls. Inasmuch as we must 
expect some attenuation for a finite conductivity of the metal wall, the 
power flow along the guide must gradually decrease. Since both the 
electric field as well as the magnetic field are, for an attenuation constant 
a, dependent on a decay factor e~@, the energy flow along the guide must 
decay according to an e-?% law while traveling along the Z direction. 
If P. denotes the energy flow, the above exponential decay expresses that 
d(P.)/dz = —2aP,. In Sec. 231, we found that P, is the integral of the 
Poynting vector p- over the cross section of ab Square meters for rectangu- 

lar guides and over 7a? for circular guides. Therefore, —d(P.)/dz must 

represent the energy dissipated in the guide walls for 1 m distance, i.e., 
the watt loss in the metal surface of the guide for a guide 1 m long. We 
have then the relation 


6 ine Re (§ ek: 


4 
2 [ 2 ik Re (& X H*), ds | 
__ rate of field energy flow into the metal wall 
a prey, 
power dissipated in the guide walls of 1 m length 
twice the power transfer along the guide 


a (nepers/m) — 


(915) 


Since, in each case, the double integral represents the summation of the 
Poynting field energy flow normal to respective surface elements dS, 
and dS, where dS, is a surface element of the inside metal wall of the 
‘guide and dS is a surface element of the cross section of the guide, we 
ean use the P, value of (914h) if the appropriate values for g are employed - 
for a particular mode of wave excitation. For finite metal conductivities, 
we can use the surface resistance A, as given in (913e) together with all 
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the current densities occurring on the inner surface skins of the guide 
wall. -The power loss in the walls of the wave guide is then 


& = 16R? g,,) Jd * Ole watts/m guide length (915a) 


where the integration is to be taken around the inside contour of the 
metal wall. For TE waves, we have two summation terms under the 
> sign, since owing to the longitudinal H, field when tangential to the 
inner guide surface, we have a transverse circulating current and, owing 
to the transverse resultant H field, a longitudinal current. For TM 
waves we have only a resultant transverse magnetic field and, therefore, 
only one current density (which is longitudinal) under the 2 sign. We 
then find the expressions 


tm tk: 08&\ 
L& = Loy = 5 OKZ.2 f eS dlo , for TM waves 


R, Bl — vi forane 
AG = Lorn => Be § | + a Ce) | for ee waves 


(915b) 


o= ae ohms; £ watts/m; y= fe. 
K i 
K = 6.28 X 10%, ~/ux 


where f and f, are in megacycles per second, yp is in henrys per meter, 
and «x is in farads per meter. These relations tacitly assume that the 
currents in good conductors are essentially of the same magnitude as 
for ideal conductors (¢ = ~ mhos/m). This assumption is somewhat 
justified, since we found, from formula (913), a very low wave impedance 
at VHF’s and UHF’s as well as very low surface resistance values from 
(913e). For instance, J. C. Slater! has shown that the field energy dis- 
sipated per cycle in a good conductor equals the magnetic field energy 
contained in a thin sheet of the metal surface, which is only 3.146 meters 
thick, for which the energy concentration is the same as immediately 
outside this metal skin. Equations (913f) show that the quantity 6 _ 
is very small indeed, so 3.146 must likewise be very small at VHF’s | 
and UHF’s and especially at S and X band frequencies. The energy | 
lost per cycle must, therefore, be a very small fraction of the total field | 
energy. We can therefore assume, in our current density summation 
of (915a), that we have only a normal derivative 0&/dn at the surface 
of a good conductor but no such derivative of any electric field vector & _ 
along the conductor surface. This will give the condition for an ideal | 
- conductor as far as the current is concerned. For the same reason, we — 


1“ Microwave Transmission,” p. 141, McGraw-Hill Book Company, New York, : 
1942. | 
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can have no normal derivative 0H /dn of a magnetic vector at the surface 
of a good conductor but essentially only a tangential derivative 0H /dlp. 
_ This is the reason why, in (915d), the longitudinal &. field for TM waves 
appears with the normal derivative only and the longitudinal H, field 
for TE waves in guides appears as the tangential derivative 0H./dlo. 


Since, for TM waves, the resultant magnetic field is entirely in the plane of 
the cross section of a guide, there can be only one longitudinal current density J, 
in amperes per meter along the inside walls of the guide, and the absolute value 
V |H 2 4+ 2| of the tangential magnetic field must numerically equal the absolute 
value |J.|. But for TE waves, we have also a longitudinal H, field, which causes 
(when tangential) a transverse current density J; on the inside metal wall, and we 
have the comparisons in (915a) as 


Wid -J* = WJ,-J2 = 4 (Hz: Hi + H,- Hi) for TM waves 


Hoslpmiiual, tH, Hy 
2 


1 


1 
BY FS Ged det) = (915c) 


2 
for TE waves 


But for respective TM and TE waves, we have 


wk 0&2 i 
Hemp/m) — 5 for TM waves 
2 d K? dy 
Bs lel. ; 
Hemp/m) _ _7; =? for TE waves 
< J K2 0x 
wK O&, 
emp/m — _7 & for TM waves 
y J K? dx 
| Bole 
Heee/a) —e9 Be for TE waves 
K? oy 


Bz = pw / pk: p=V1 —- 2; y awe K = 2rf. V/ uk: 


Oe = 2rfc} Zo = a 
K 
ate ES. wk O&e wx? | fas.\* 082\" 
a a ] = for TM 


and 


2 2 2 
mat B. 0H, +i Bs a = Bs (ee) + e | for TE waves 
K? ay K? oy} = K*| \ on oy 


= 
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0H.\’ 
= 2m~ 
[ ] = (Vz) = (2%) 
a&5\" as. \? 
wk? | OS, 2 sk (=) (%*) 
J-J* = (Hy H* + H,- Hi) = — = 


K* \an Ktutux  -K2Z2y2 


for TM waves 


and 


6; ( 0H.\* 
SSeS a He WE Hy Hb He HED = 2 (2) + H? 


202ux ( 0H, \ 1 — /(9H.\ 
=f* + HZ = Valea + H? for TE waves 
Ke wip Alo Ky? Alo 


which results used in (915a) confirm the expressions of (9156). 


Using the results of (9150) for the joulean heat loss per meter length 
of a guide together with the power flow across the cross section of the 
guide, as given in (914h), we find, by means of (915), the attenuation 


q (mepers/m length of guide) — Lom for T™. waves 
gals (915d) 
_  SLre 
a= 5(P,) rn for TE waves 


The application of (915) is not difficult. Suppose we take the dominant 
TE; mode of a rectangular guide, such as shown in Figs. 373, 375, and 
378. We have then m = | and n = 0 and only one transverse & = &, 
electric field distribution parallel with the b dimension, but such that no | 
tangential &, value exists along the b surfaces of the guide. We have | 
then the well-known half-period (half-sinusoidal) &, distribution along | 
the a dimension of the guide. The magnetic H circulations around the 

displacement currents (along the & lines) are then in planes parallel to | 
the XZ plane of Fig. 379, with the guide length along the Z direction. | 
We have, therefore, closed magnetic lines, which generally have H, as 
well as H, components. ‘Therefore, whenever the H loops become tan- 
gent to the side faces of the metal guide we have, owing to the tangential | 
H, field in Fig. 379, a corresponding J, current density of magnitude 
|H,| amperes per meter. But when the H loops become tangent to the 
inside guide walls of the top or the bottom face of the guide, we gen- | 
erally have H, and H, components, which cause the current density 
J. amperes per meter of magnitude |H,| and the current density J, of 
magnitude |H.| amperes per meter. The metal loss in watts per 1 m | 
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The current density distributions 
Jy, Jy, Jz are on the irside 


surfaces of the guide 2 
rretal walls 5 
Me 
75, |-/tefample, = ly +He 
Radistribution | //=V/ + /?+/H,/2 


Length of arrows are a relative 
measure of the magnitudes 


Magnitude [Jy /=Magnitude/Hz/amp/m 


Tarigential H Fielels to 
an Inside rretal surface 


cause surface ao) 
current densrHes 
1/=/H/amp/r7 


H circulatio 
along the 
inside metal 


Surtace normal Hx 
fe [=-/Hx] 


to Ey lines 
amp/rm 


Ey=&5 Sinf2volt/m Hk VE J , /amp/m 


Hy © ampli He =j Tee cos(' G) empl 


T=wt-B,2; B2=pwlur ; p=Vi-v2; 
v=2; Z9=Viu/c ohms; ft and we detine 
medium within the guide 


Fie. 379. Surface conduction current densities on the inside metal surfaces due to tangen- 
tial magnetic fields for a TEi,o wave in a rectangular guide. 


guide length then becomes 
y=b b 
=36R, |") He HY dy + V4R, fy He: He dy 
watts lost on left inside wall watts lost oe inside 
Wa. 


+46R, [7° H.- HE + H+ H*) de 


watts lost-on bottom inside wall 


+ 16R, i! “(H,- H* + H,- H*)dx — watts/m (915e) 


watts lost on top inside wall 
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For the power transferred along the guide, we need only integrate the 
Poynting vector p, over the cross section of ab square meters. We 
find then 


1 t=a y=b 1 a b &y * SF } 
P=3] 6, - H* dx dy = = ae 
i. 2 Jaaomeomae ea 0 Jo Zo/p 
total watts perpendicular to ab sq m (915f) 
= 2 
es ad PL OL 
a \ a! (‘) 
According to Fig. 379, we have for an &, excitation, 7.e., a TE;,o mode, 
Prem; TX p&y 
&, = Soet% sin | — volts/m; H, = —— amp/m 
a Zo 
H, = Abaca cos (=) amp/m; fT = i (wt-B.z). Bz = pw Ware. 
wua a 
fe * 20: TL 
js) = W/E aes &y - &, = & sin? | — 
a 
since 


or 


1 
pb&. | a ee. 20a 0 pab 2 mr (9159) 
= — sin = = —_ wa 
ye a a Aza | 


In (915e), we can combine the integrals for the inside guide faces, which are parallel 
with the &, excitation and which are normal to the &, excitation, respectively, and 
find, for the heat loss per meter guide length, 


b * eo * ¢ * 
Liwatis/m) = R, if H,- H* dy +R, ‘s H.W dee R. f, H.-H* dz (915h) 


—_—s 


loss in metal skins, loss in metal skins, normal to &, excita- 
parallel with &, tions (causes Jy and Jz currents in Fig. 
(causes J, currents) 379) 
© p pei? . {rz p? - ey 
H,=—->& =—— &sin|— ]; H.-H} = H2 = — &sin?| — 
Zo Zo a Zs a 


(9152) 


a 2 Ce 2 
R, / He» Ht dg Ze 82 R, i sin? (2) dx = aa R82 — watts/m 
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Moreover 


2 
= BE ry (aa (9154) 
waz a 
& x 2b 
MaieH.- He dy = R,-—*- cos?( = dy = ——— Rg? watts/m 
0 wpa? a 0 wpa? 0 


=l1since xz = 
0 fory =0 
toy =6b 
a 202 c=a 
w*S 03 
Rs ge He dc =k, —— cos? ( — ) dz 
0 . SH | aly) a 
=a/2 
/ See 
m&, |a Qrx al” 862 
= sin = R.8? watts/m (915k 
wpa? |4ar a rf Zio Qw2a °° / ( ) 


Combining the results of (9152), (9157), and (915k) yields, in (915h), the total 
watt loss per 1 m guide length for a perfect dielectric (such as dry air) 


mb i‘ ap? T? iy ER | 
Sa > =e B 
Saga Bash + (2 ‘ ss) p= +B +0) 


loss on inside 
metal skins, 

parallel with 

&y polarization 


272b ap? 1 MK 
A= ——; Bet C= Zo =a/- ohms 
wa? Zi apra? kK 


where #, is the skin surface resistance of (918e). According to Table 10, we have for 


TE,,o waves, m = 1 and n =0 and K = V/ (mx/a)? + (nr/b)? = 7/a = we V/ uk, 
which can also be seen from formulas (914e). We have then the transformations 


loss on inside metal 
skins, normal to &y 


lines (9151) 


am? 2b mw? 2bk 1 2b 


a? w be a oo” wk a? w uk (w/K) 
r?\ 2b ; 2b w. \* 2b 2b 
= (5) = wn = (2) B= 
a] w*pxZ5 o*uxZy wa} Zy Zs 
ie ae $ ap? a(1 — 2) 
7% Bat” 
uv 0 Z) 
ie i 0) mw aK fa a : a a 
= - a= (RE tin) — Te pe * 
Gym? a? pw? a? w2pKp aT w*uxZ, 


w*uKZe Rn 


a [{ 2b a 2b 
ae) Fs 6 Beet! 2 ee aes 
AtBten 2 (Maas n+) 2(14+2.) 


since 
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inserted in (9151), yields 


2 
f=2..= eee ( + Z ) watts/m guide length (915m) 
3 a 


for Zo = ~/u/« ohms and R, the skin resistance as in (913¢). 


In order to analyze the effect of the relative dimension 6/a and the 
effect of the operating frequency f, it is convenient to distinguish in 
(915m) between the metal faces of the inside skin that are parallel with 
the &, excitation of the TE: mode and normal to the &, lines, respec- 
tively (Fig. 379). We find for the joulean heat loss in the inner metal 
walls 
R83 


FeBh rag Hae 
Zo 


2 
+ 4 378 


oe 5 RSA e 5 R8iB 1! Oe 


b RE R.&3 é (915n) 
_- 13. 0 0 
= 2.5 X 10 @ uP me) oP watts/m guide length 
=p =E 


where D is the watt loss of metal skins parallel with &, lines in Fig. 379, ~ 
E is the loss in metal skins perpendicular to the &, lines, f is in mega- 
cycles per second, a and b are in meters, and f, is as in (913e), since 
a. of es 
2 2a 2a 2af /uK 

1 y? Ky? 1 


40? = Re APP? 


for f in cycles/see 


2 


Vv 


Since R,/f?, in the first term, is proportional to +»/f/f?, the metal loss in 
the side inside metal skins is proportional to f—!> as well as to the ratio 
b/a?. Since, in the second term of (9157), the frequency f appears only 
in the R, factor, the metal loss in the inside metal skins of the top and 
bottom faces is proportional to f°> as well as to the width a of the rec- 
tangular guide cross section. The values of Z) = ~/y/x and uw in the 
respective terms of (915n) are fixed for a certain guide dielectric within 
the guide. For air as the dielectric, we have Z) = 376.7 ohms and 
M = po = 1.257 X 10-* henry/m. The loss in the side walls decreases, 
therefore, as the frequency is increased. That this happens for an &, 
polarization is obvious, since the top and bottom inside skins act like 
the plates of a condenser while the metal side walls are in shunt with 
these condenser plates. At certain times, the top and bottom inside’ 
metal skins then collect or receive both displacement currents due to 
the &, lines (depending upon the polarity) as well as conduction currents 
coming or going, respectively, from or to the side walls. The higher 
the operating frequency is chosen the less conduction current we shall 
have in comparison with the displacement current passing across the 
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top and bottom inside metal skins. Only if the dielectric within the 
guide is perfect can we then gain as the frequency is increased as far as 
_ the loss in the side faces is concerned. According to (915), (915g), and 
(915m), we find the attenuation due to the metal of the guide 


ie 2b(v?/a) 


ak,&2 
qy Bepers7m guide length) _ Lm ae 224 : 
za oP, Dabp&2/(4Z) 
Blt 20(0%/0) , _1420/ayt ff, (9150) 
pbZ : bZ V1 — pho” if 
Ome 


fo = aT Mc/sec 


where a and 0 are in meters, Z) = V/u/k is in ohms, » is in henrys/m, 
« is in farads/m, R, is as in (913e), for air Z) = 376.7 ohms, and f, = 
150/a megacycles per second. The quantity am refers to the operating 
frequency f > f., which passes the TE;,9 wave. 


The above solution is in terms of the Poynting energy flux normal to the rectangu- 
lar cross section of the guide, which upon integration, when expressed by the real 
value as in (915f) and (915g), gives the total average watts P, across a guide cross 
section of ab square meters. The loss £m, according to (915e), is the real part of the 
Poynting energy flux entering normal to the inside metal guide faces. It is tacitly 
assumed that the respective current distributions are about of the same order of 
magnitude as for infinite conductivity. This is essentially the case, since the surface 
impedance of good conductors is small and given by Z, = Rk, +jX; = R, + jR,, 
where Ry = V/ pw/2c ohms for w/6.28 in cycles per second, yw in henrys per meter, 
and o in mhos per meter for the metal wall. This can be readily seen from the dis- 
cussions in Sec. 230 and particularly from Eqs. (913), (913d), and (913e). The power 
entering normal to a 1-sq-m metal plane is then p, = 16 R,|H,|? = 14R.H; - Hy watts, 
where H; is the tangential magnetic field along the inside metal skin of the guide walls. 
We could also have used formula (915d), if applied to the TE,0 wave, for which 
formulas (914h) and (915d) are basic for the denominator and numerator of (915d). 
As far as the £ expression in (915b) is concerned, the integral is to be taken around the 
inside guide surface. This was done also in the above example, since, in (915e), 
we integrate first from y = 0 to y = b of the rectangular cross section. Then we 
integrate again over a length b in order to account for the opposite inside surface, 
which is parallel with the &, vector and 1 m long along the axial direction Z of the guide. - 
Hereafter, we integrate over the top width of a meters and the bottom width of a 
meters. This means that we cover the integral f dl) over the total inside circum- 
ference 1) = 2a + 2b meters and for an area of 2(a + b) square meters, since the 
length along the Z direction is 1 m. Therefore, we did, in effect, what the second 
expression £7n,, of (915b) gives more quickly. As far as the denominator of (915d) 
is concerned, we deal with twice the value given by (914h), which is the surface integral 
of the second of Eqs. (914h) applied to TE1,9 waves. It is just as easy to apply 
(915d) to circular guides, since, according to Table 10, we use only the F,(r, ¢) func- 
tion for the cross section of the guide instead of the function F\ (x,y) holding for a 
rectangular guide. We have then the transformations x = r cos g and y = sin ¢. 
The field distribution function is then 
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Fi(r,¢) = Jn(rK) cos (ng) 
Fi(r,g) = Jn(rK) sin (ng) 


The comparisons for the guide wavelength },, in the case of rectangular and circular 
guide cross sections, are given in Eqs. (405) and (406), where K is given by K = 


We V/ pK for any cross section and the phase constant along the guide by 


= A/ wax — Kk? 


for f > fe (for which case we are in the pass region of the guide), so that for a perfect 
dielectric within the guide, we have the attenuation a, = 0, since the propagation 
constant T, = jB, for frequencies above the cutoff frequency (a guide is a high-pass 
feeder). According to step 24 of Table 10, we have also 


Longitudinal field along the guide axis 
= H, = HoJ.(rK) cos (ng)e*!: for TE waves | leading to the formulas 
Longitudinal field along the guide axis for circular guides 
= & = Son(rK) cos (ne)e*!z for TM waves 
8 = bo n(rK)e7 cos (ng); 
& = So n(rK)ei7 sin (ng) 


nN&oeiT 


H, = -j ~ Jn(K) sin (ne); 
Fabel 
He = J. ZK J,(rK) cos (ng) ' 
bud! All relations for TM waves 
Hy, = ae J’ (rK) cos (ng); 
.& 
H, = -j oe J! (rK) sin (ng) 
Se = Zo V | — 2? He 
B= Zo \/1 2 ae 


H, = Hoe'tJn(rK) cos (ng); / 
H, = Hoei?Jn(rK) sin (ng) (916) | 


ZH eit 

Be fe _ a eiein (ne); 
rv 
ZH oe!™ 

& = eee Jn(rK) cos (ng) 
rvK 


a Zo 3 , 
&& =J s Hyi7J,,(rK) cos (ne); All relations for TE waves 


Zo ce, : 
& =] a He'7J,,(rK) sin (ng) 


Vi = 
th ieee 2 a 


/1 — v2 
py OMe Zo 
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; ; UIn(rK 
K = 2rf. VJ yx for fc in eycles/sec; CRG) = BeI9)] 
} d(rK) 
The radius of the circular guide cross section is a meters. We have 
Kn,m 
SS Sia for TM waves 
a 
i, m i 
eK, for TE waves 
a 
2 27a 
Xo) = Ae = me for TE waves (916) 
Ae = “a for TM waves 


For details consult Table 10, step 25, which gives numerical values for kn,m 
and hs T = wt — BZ; 


Bs = V wu — K?; y -% fe = 


IK 
= cycles/sec 
2a A/ ux 


for air as guide dielectric with Z) = 4 = = 376.7 ohms 
K 


K 


.= 108 
a * 6.28 


The application of (915d) then includes the use of (914h) and (915d), 
which for circular guides and TM,,, waves, for 


oe q _V1l- 
225 eae 


d 


yield 
— 2 ® 
P,=-Aff srds 
=2r [fr=a 3 
== A ee 1B SJ i (rK )e” cos? (ng)rd¢ dr 
aS 
= 20 r=a 
= A&? Bee cos” (ng) de | BE rJ2(rK) ar | watts 
But 
Qa 1 oka 
df cos? (ng) dp = - — sh (2ne) + Ql 
mids intener _ .() 
om | ae 
= eM L gies es a ae =T 


i, 2 


a 2 2 

/ rJn(rK) dr = = (7), (aK) + ( =F “ ) seen) 
z rk? 

but J?(aK) = 0 for TM waves (step 20 of Table 10) and 


i od rJ2(rK) dr = Marts, (aK)? 
se 
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rV1—¥ 


ad, (aK)]?A 8? = + Ags ee 


im 

2° 

fe AE 
ea Z,= = 
f : K 


For the abbreviation B = !9[R,/(vKZ))?], we find, from (915) and 
(916), the metal loss in watts per 1 m length of the circular guide 


a82[ J, (aK)? watts 
(916a) 


gyre — Bp (ey die pie Ke71J'(aK)|? cos® (ne)ade 
dl 


since we have to take the normal derivative of & at the inner metal 
surface of the guide cylinder of a meter radius, yielding 


0&, 


as = [K&J)(rK) cos (ng) ],—« 


Since the integration must be made around the inside cylinder surface, 1 m in 
axial length, the line element dl) is a dg, and only the cosine? function remains under 
the integral. We have then 


= 27 } 
Lm = aBK?8s5|J'(aK)]? f° ‘ cos? (ng) dp = raBK2si[J’(aK)]? watts/m (916d) 
g= ; 


=T as bows 


For the TM wave in a circular guide, we have the attenuation 


(nepers/m) Lm ra B KS; se (aK)}? : 2Z K2y? 
el, = = 
m QP, 97 V1 — a V1 me p2 
& 2 
Ta CesT, @K)) 
22oK% oR, R. | 
NV CZ aly x/T | Pee | 


Zo = vi ohms (= 376.7 ohms for air); y= 
K 


10-6*K 
a 6.28 ze Vie Me/sec; f, =47.8K Mce/sec for air inside guide 


Sole 


where K is as in (916) and Table 10. 


233. Dielectric Energy Dissipation and Attenuation in Wave Guides | 
Due to an Imperfect Dielectric within the Guide. The propagation con- | 
stant T’., together with the timing wt at the wave origin, causes the factor _ 
eT; when a wave moves along the Z direction. According to the flow : 
function y of Sec. 57, we have y = F(x, y)F(z) and find the expression | 
of Eq. (404). This is applied to TE and TM waves in step 10 of Table | 
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10, where the cross-section factor is F\(x, y) for rectangular guides and 

_F (7, ¢) for cylindric wave guides. We have then the propagation con- 
stant along the guide (along the Z direction), for a perfect conductivity 
of the walls, 


DP. = V K? — wu for a perfect dielectric 
T, = VK? — wu, for a dissipative dielectric wave-guide (917) 
medium 


2 2 
R= (22) ef (2) for a rectangular guide (step 19 
of Table 10) 


for TE waves | (917a) 


for circular guides (step 25 of 
for TM waves | Table 10) 


where a and 6 in meters are the guide dimensions along X and Y direc- 
tions of rectangular guides, a is the meter radius for a circular guide, 
w/6.28 is in cycles per second, ju is in henrys per meter, « is in farads per 
meter, ke = x — j(c/w) in farads per meter, and ¢ is in mhos per meter 
for a dissipative guide medium. Since K? and wu are always real 
values, the value of I, for a perfect guide dielectric becomes 


P= 98s = 7 \/orug — K? for K < w V/ux orf > f, 
DT, = a, = \/ K? — w*ux for K > w Vu orf <f, 


10-*§k& 
ee Mc/sec 
J 6.28 ~/ uk. / 


(917b) 


where the cutoff frequency is found from the condition for which the 
value under the square root vanishes (K? = w2ux). We have then, as 
with high-pass filters, a region for which TE and TM Waves pass without 
inherent attenuation (f > f-) and a region for which [, = @z nepers per. 
meter (f < f,); the hollow tube behaves like a pure attenuator. The 
attenuation a, has nothing to do with the am value discussed in Sec. 232, 
since the a, attenuation is due to metal losses and belongs to the f > f, 
tange of operating frequencies. 

When we have a dissipative dielectric within the guide (¢ mhos per 
meter in addition to » henrys per meter and x farads per meter), we must 
have medium dissipation at all possible frequencies, owing to dielectric 
losses. This means that we can no longer have a sharp cutoff, as for 
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perfect wave mediums. This can be seen from the second of Eqs. (917), 
which can be written as 


T, = VK? — wx, = Je =e ota (x = = VK? — wk + jouo 
=a, + 98. (917g 


since K? — w2ux + jwuo can never completely vanish. Since the value 
under the square-root sign holding for any operating frequency f is com- 
plex, it can, at best, yield only a minimum value. The condition for 
this minimum may be referred to a pseudo cutoff frequency. A low- 
quality wave medium is not likely to be used in a wave guide, and we 
can then assume a Q value, which is Q = wx/o and large, for the wave 
medium within the guide. The pseudo cutoff frequency is then found 
from the condition for which the real part under the square root in (917c) 
vanishes. We then find K? = w2ux, as for a perfect wave medium. 
Writing (917c) for frequencies f hegher than the cutoff frequency, we find 


T, =j Vor. — K? = 7 Vou — jouo — w2ux 
: — . WUC W2UK , _ | a o\2 
= 1 — - — = — —_— — — 
ja Vue 4 d aap N\ ee wk (7) 


2 2 
WK Ww" UK 


= jo Vie (0-9) 5 = tite 


If we are not using an operating frequency f too close to the pseudo. 
cutoff frequency f, and realize that j(¢/wx) = 7/Q is a very small absolute. 
quantity compared with unity, we find, for the abbreviations = 1 — »? 
and y = —j/Q, 


LS SEES & 

a vi fee Ja ) AN 2 ea 
AZ. = 

= oh to aty + BUS ay? + ++. 


(1 — yy ts ad — rye (— 5) + (- 2) (d_ — ry a+ oo 


— se il 1 
=V/1—Y —j ; eae 
2V1—"Q 8/0 — »)?Q? 
negligible 


Syl — v? 


‘ o | 
‘ Quax ~/1 — vy? 
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Therefore, 
T. = jo Vw sf — ») — 52 | 


Se 
J ( , ivr) 


= jo Vie VI + 2 Vt 


Qok 1/1 — vy? 
oD el is (917d) 
Des st ie Vin VI = + its 
d IBz 

ise =e 
Lo = ae ohms; p= fe. ip = 10K Me/sec 

K f 6.28 V/ ux 

Az = ag 


In the pass region (f > f.) with the operating frequency f not too close 
to the cutoff frequency f., for a dissipative guide medium with a high Q 
value (which is easy to meet practically), we have an attenuation due to 
dielectric losses of 


& oZo 

2°71 = (f/f)? 
where y is in henrys per meter, x in farads per meter, o in mhos per meter. 
We have then a total attenuation of am + aa nepers per meter, for a 
finite conductivity of the guide wall and some dissipation in the inside 
dielectric. The attenuation a, due to dielectric wave-medium losses is 
independent of the shape of the cross section and depends only on the 
volume of the wave medium per meter length of the guide. This volume 
is not directly seen in (917e) but is indicated by the ratio f./f, since f, 
lepends on the mode of excitation and its magnitude is affected by the 
limensions of a rectangular guide or the radius of a circular guide, 
respectively. 

234. Significant Properties of Waves in Guides, Characteristic 
curves, and Formulas for Attenuation. For alternating-current phe- 
lomena, we are under the impression that magnetic H lines of force are: 
Wways closed while the electric & lines of force terminate on opposite 
harges, 7.¢., at surfaces of conductors. So far, experiments show that 
nagnetic H lines are always closed, regardless of the frequency range and 
nodes of waves. Magnetic H lines loop around conduction currents as 
vell as displacement currents. For complementary waves, such as TH 


ad 


nepers/m guide length; Z) = ne ohms (917e) 
K 


' With respect to attenuation below the cutoff frequency and near this frequency, 
eference is made to E. G. Linder, Proc. IRE, 30, 554, December, 1942. 


7 
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and TM waves, we found that electric & lines may also be closed, though 
not always, since a longitudinal &, field for a TM wave is due to open & 
lines starting somewhere on inside metal points and terminating some- 
where farther down on the inside metal wall of a guide. Closed & lines 
require a variable H field. Equations (1) in this text verify that we 
may have closed & lines as well as H lines, since these equations refer to 
a curl & and a curl H. A “curl” means a “whirling around.” In a 
wave medium, we cannot have one curl without the other curl. These 
curls belong together. It is, as it were, the electromagnetic Castor and 
Pollux, the constellation of Gemini. The reason we often overlook 
complementary modes of waves in customary alternating-current net- 
works is that the transverse dimensions of supply lines, for instance, are 
so small in comparison with the wavelength \ that the corresponding 
cutoff wavelength X, is altogether too short. The higher modes can then, 
at best, display themselves only as end effects (f < f.). We then realize 
that we have slight field distortions at the terminations. In wave guides, 
we always have at least one field that is also longitudinal with respect to 
the wave propagation. The longitudinal field, so to speak, substitutes 
the missing return conductor. That this must be the case we note, for 
instance, in the field configuration of a TM guide wave. For a circular 
guide, we have circular H lines around the guide axis, which extend to the | 
very inner surface of the cylindrical metal wall. Since'the H lines can, 
at best, be only tangent, no current on the metal wall could cause them, | 
since the H loops do not cut the conductor. But the longitudinal electric — 
field causes a longitudinal displacement current, around which we haye 
such circular H lines. In exactly the same way, we have, for TE waves 
in circular guides, circular & lines around the longitudinal H field, since. 
this field causes a corresponding magnetic displacement current, which | 
is also longitudinal. 

For a rectangular guide excited in the TE, we have a constant | 
transverse wave configuration, for which the electric field excitation is) 
usually along the smaller side of the cross section. The charge densities, 
are then always along the inner wider sides of the guide. This mode 
depends only on the longer a dimension (Fig. 379) of the cross section. | 
Since this mode is independent of the smaller b dimension, other comple-, 
mentary waves can be avoided without seriously increasing the attenua-_ 
tion a» due to metal losses if compared with other modes and guides of | 
about the same cross section. However, the b dimension should not be 
chosen too small, since otherwise the a», value will increase too much., 
The voltage gradient between the upper and lower surfaces will then also| 
become larger and may give rise to a voltage breakdown. The TEi1) 
dominant mode of a circular guide is likewise a much preferred type of 
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wave excitation. Generally, it is important to prevent other comple- 
mentary waves from passing through the guide. The TMo,1 mode in 
circular guides is circularly symmetrical, and it makes no difference if 
the field rotates (spirals) as it progresses along the guide. For a con- 
tour length of 37 inches, for a circular cross section of a guide, we have 


€ lines H /ines, 


Couple /ogp 
Coaxial exciter where Ud 
feeder Maximum 


a Rod exciter T 
Coaxial 
feeder 
H flux 


Fre. 380. Rod and small loop exciters for wave guides. T is a short linear rod wave 
exciter. With metal screen 1 in place but screen 2 removed, we excite TEo,1 waves; with 
metal screen 2 in place but screen 1 removed, we excite TMi,1 waves, since a longitudinal & 

field causes transverse H circulations around 7. The length J is different for different sizes 

of guide and exciter frequency. 


Je = 2,310 Mc/sec for TE;,, waves in a circular guide and f, = 3,020 
'Me/sec for a TMo,: wave in the same guide. But for a TEo,1 wave with 
@ square cross section, we find f, = 3,070 Mc/sec. The TMo,1 mode 
Tequires then a size more than sufficient for the TE,,; mode. Therefore, 
both modes may accidentally pass along the guide, even though only 
the TM): mode is desired. Nevertheless, since the TMo,; mode is 
circularly symmetrical, it has the inherent advantage that it can be placed 
anywhere on the circumference of the guide for transmitting or receiving 
purposes. We note that there is not much difference between the cutoff 
value for the square guide with the TE), excitation and the circular 
| 


| 
| 
} 
} 


: 
| 
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guide with the TMo, mode. However, the square-type guide has a 
cutoff frequency dependent only on one dimension, the side length 
normal to the & field. It may then pass the given mode in two positions 
with transverse & lines in space quadrature if not exactly normal. This 
is not a feature when used for receiving, since the detector adaptor to the 
square incoming guide is fixed and can utilize only one polarization. 
This is the reason why the TE;,o excitation is preferred and the a dimen- 


Umax 


Coaxial 


feeder. Radius 225 meter 


~2.61 


~< 
To UHF Excitation of 
source “4 7Mo,1 ode 
] ina cylindrical guide 
sh Ub <= 
tuning a 
Piston 
Bez, Radius a22& meter 
Guide TE ;,; -—+ tf 
—~Jmax 
Adjustable 
plunger Double 
stub tuning 
| To UHF source 


Fic. 381. Excitation of cylindrical guides 
by means of a coaxial feeder and an exposed 
inside wire section of the feeder. For air 
within the guide fe = 300/A. Mc/sec. 


tion can be obtained by a change of the dimension. 


sion normal to the & lines is made 
slightly larger than the critical 
value required for the cutoff fre- 
quency. The } dimension (parallel 
with the & lines) is made slightly 
smaller. A ratio a/b=21.18 is 
then a good value. Besides mak- 
ing changes in the relative dimen- 
sions with respect to causing only 
one mode to pass and preventing a 
mode that is in space quadrature 
with respect to the desired polari- 
zation, we also have to take into 
account the value of am. There 


exist minimum a» values, which 


are different for various sizes of 
guides and various modes. Thus 
the TE,,,; mode has a smaller a» 
value than the TMo,; mode. 
length of the guide is relatively 


If the | 


short, the effect of an can be 


overlooked if mode _ discrimina- 


With respect to— 


excitations of certain modes, reference is made to Figs. 374, 380, and 381. 
In Fig. 382, we have an electromagnetic horn with a rectangular mouth | 


and driven with the fixed polarization of the TE:,9 mode. 


It is not 


practical to use a rectangular guide all the way up to the point where | 
the horn is located, and especially when picking up stations or spotting 


particular receiver. locations. 
must be rotated about its axis. 


For such operations, the vertical guide | 
We then use a cylindrical guide for the. 


guide section, which can be rotated and in the TMo,: excitation; while on | 
either side of this guide, we convert to rectangular guides with the TE | 


excitation. 


Figure 382 also shows a polarization shifter, bends and: 


twists in rectangular guides, as well as a matching section between rec- _ 


tangular guides of different sizes. 


As in the case of linear radiators, the - 
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length of an electromagnetic horn, in terms of the operating wavelength, 
has much to do with the input impedance. We know that a linear radia- 
_ tor about 10 wavelengths long and driven at one end behaves as a very 
long electric line with an input impedance practically equal to the char- 
acteristical impedance of the radiator. This is also about the case for 


ae 7Mo,, wave 
7E,9 wave In. @ Circular 
Ag guide A operating <A¢ 
A,=2.61a m. 


Circular 


kectangular 
C guide of 
ee ou oe 6 Fads ot 17. 
as pace Piston 
& 5 / Width is 
a'r. 


Rectangular 
{6 4 guide with piston 
La] Piston | ae 5 
A¢=2a'rm. he= 7a S| 


For shitting the polarization 


Fic. 382. Matching different cross sections and different modes of guides. 


a horn of such a length in terms of the wavelength, and the guide becomes 
terminated in its characteristic impedance, so that we no longer have 
standing-wave patterns in the guide. Each half-wave portion radiates a 
certain amount of power and passes it on to the next half-wave section, 
etc., until at the end practically no energy is left. Table 87 gives the 
properties of some of the rectangular and circular wave guides. It 
shows how to compute the attenuation a, due to metal losses. In this 
table, we can find the cutoff frequency for rectangular and circular guides, 
where for circular guides the numerical values of Step 25 of Table 10 are 
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utilized. It is the cutoff frequency that is of importance in the design 
of wave guides; and if the guide is not short, the attenuation a» also 
must be taken into account, since there is quite a range in pass frequencies 
for a particular mode, and by a suitable selection of the excitation and 
euide dimension, for a particular operating frequency, the Q value of the 
euide can be kept high. We found that if the dielectric within the guide 
space also exhibits a certain conductivity o mhos per meter, but such that 
wx/o is large (a high figure of merit for the general complex wave medium), 
and we do not operate too close to the cutoff frequency f, and not below 
it, we have also an additional attenuation aq due to dielectric losses. 
The total guide attenuation loss in the pass region is then 


a = dm + ag nepers/m = 8.686(amn + aa) db/m (918) 


where am is as in Eqs. (917e) and (915d) and Table 87. Inspecting 
Table 87, we note that the cutoff freguency depends upon the mode of — 
operation as well as the shape of the cross-sectional area of the guide. For. 
the modes and shapes specified in this table, the TE:,1 mode, in a cir-_ 
cular guide of radius a meters, gives the lowest cutoff frequency, which is 

88/a megacycles per second. This means that the operating frequency | 
f must be greater than 88 Mc/sec for a guide radius a = 1 m = 39.37 in. 

This is, indeed, a very large circular opening to justify a wave guide. - 
The frequency must be larger than 183 Mc/sec for both the TE, and 

the TM, modes in a circular guide of the above-mentioned opening. 

Hence, if we choose the operating frequency f = 150 Mc/sec, for a desired 

TE,,1 mode, this would exclude any TEo,1 wave but gives the possibility _ 
of a TMo,1 mode passing through the guide, since, for a 1-m radius, the | 
frequency must be only above 115 Mc/sec. This requires, of course, 
that the TMo,1 mode also be excited. For rectangular modes, we note 

that the TE, mode gives a cutoff frequency of 150/a megacycles per 
second, just as the TEo,: mode would give a cutoff frequency of 150/b 
megacycles per second. ‘Therefore, by making the b dimension in meters | 
(along the Y direction) somewhat smaller than the a dimension (along 
the X direction) and exciting the TE:,9 mode with a rod tip along the Y | 
direction and a frequency larger than 150/a megacycles per second, any | 
slight & component of the desired &, excitation can never give rise to a 
TE,,1 mode along the guide, which is in the pass region of the guide. 
We have then mode excitation discrimination by choosing unequal sides’ 
and polarizing parallel with the shorter side b of the rectangular cross 
section. For the propagation constant I'., phase velocity c’ = v,, and: 
wavelength \, = \, along the guide, for a pure dielectric within the) 
guide (s = 0 for wave medium), we have 


Suc. 234] 


Tl, = 76. =j Vw — K? for fy 
weuxk = K?; [K as in (917a)] 
2 =—= ed = eer m/sec 
eB: Vwruk — wy VS ukr~/1l — vB 
fee TN Vz 1 
= =; Ngo = — ee i Oe 
1 POE: f FVunVJ/1 — v? ue 
1 r 
y= -—— m/sec; 1, = = eee 
id VJ pk i g V/1 ad 52 
Arne Ne ‘Hee a 
.o V1 — v= 4/1 (é = Ai x 
for all TE and TM complementary waves and shapes of 
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(918a) 


: Figure 383a, gives the relation for the ratio of the operating wavelength 
in the unbounded wave medium to the guided wavelength Ay, as a func- 
It can be seen that this relation is given by means of a circle 
This relation 
holds for any guide and TE as well as TM waves provided we are in the 


tion of v. 


in the quadrant formed by the positive v and \/), axes. 


TaBLE 88. Computations or Cutorr FREQUENCIES 


ee 
eich ones Circular cross section 
cross section 
aorb,m 
TE1,0| TEo. | TEo1|TMii| TEi1 TMo,1 TMo,2 TMo,3 TMa,3 
FEMo/seo 150 150 183 88 115 263 415 556 
a b a a a a a a 
{ 

0.01 15,000 18,300 8,800 11,500 26,300 41,500 55,600 
0.02 7,500 9,150 4,400 5,750 13,150 20,750 27,800 
0.03 5,000 6,100 2,933.33] 3,833.3 8,766.7) 13,833.3] 18,533.3 

0.04 3,750 4,575 2,200 2,875 6,575 10,375 13,900 
60.05 3,000 3,660 1,760 2,300 5, 260 8,300 11,120 
60.06 2,500 3,050 1,466.7 | 1,916.7 4,383.3) 6,916.7) 9,266.7 
0.07 2,143 2,614.3 1,257.7 | 1,642.8 3,757.1] 5,928.5) 7,942.8 

0.0762 = 3 in. 1,970 2,400 1,155 1,510 3,450 5,440 7,310 
0.09 1,667 2,033.3 977.8 | 1,277.8 2,922.2) 4,611.1) 6,177.8 
9.10 1,500 1,830 880 1,150 2,630 4,150 5, 560 
| 0.12 1,250 1,525 733.3 958.3 2,191.6} 3,458.3) 4,633.3 
—60.14 1,071 1,307.1 628.6 821.4 1,878.5) 2,964.3) 3,971.4 
—60.16 937.5 1,143.7 550 718.75} 1,648.3) 2,593.7) 3,475 

0.18 833.3 1,016.7 488.9 638.9 1,461.1) 2,305.5) 3,088.9 
0.20 750 915 440 575 1,315 2,075 2,780 


0 0O$13—————SSSeSeSeSessSSSeSSSsesesesesesesese 


Remarks: We have the conversions a m 


39.37a in. and ain. = 2.54 X 10-a m. The relations 


f = k/a are hyperbolas, and k stands for the various numerical factors, which are taken from Table 87. 
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bY WZ Refers to rectangular guide | a and b 
Fea : are in 
Q Refers to circular guide | meters 


22,000} ale 


x*y?=/ /s equation of circle 
for pass region operatirag trequercy 
2%. for TE and 7M waves 


19,000 (A is unguided 
18000 1.0 = wave length) 
é 0.8 300/F fe 
17,000 |_| qin, L /f for our 
Anes “6 
16,000 ay 10 for any 
904 #VWuk pure 
15,000 B. 
02 MHelectric 
14000} ; yz. henry/m 
13.000 0 02 04 06 08 10 kK farad /m 
; pei X= c= a» oN 
¥ 12,000 ay Ag /s wave length in meter 
~11000 along the guide and A is 
Ss! the wave length of the same 
510,000 inside guide medium without 
+ 9000 the metal wa// preserit 


tal 
0 0.02 004 0.06 008 O10 O12 
a or b in meters 
Beet) 39.9 (inch) 


4 O16 018 020 


Fig. 383. Relations and curves for the cutoff frequency f;.. 2? + y? = 1 is equationof a 
circle. For pass region operating frequency f = f- for TE and TM waves. ) is unguided 


wavelength. A™ = 300/f for air, \™. = 10-5/f V pK for any pure dielectric of w henrys/m 
and «x farads/m. dg, isthe wavelength in meters along the guide, and ) is the wavelength 
of the same guide medium without the metal walls present. 

pass region (f > f,). Figure 3836 gives the cutoff frequency for typical _ 
rectangular and circular wave guides with respect to the dimension that 
determines this frequency. For more details, reference is made to. 
Table 88. Figure 384a gives the relation between the surface resistance — 
R, of different guide materials based on formula (913e). Figure 384) 
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shows the trend of the attenuation loss in decibels per meter guide length 


if annealed copper walls are used. 
235. Notes on Wave Transmission in Coaxial Lines. As for hollow 


cylinders, we can have, in the space between the inner and the outer 


Ya 
t by lines 
& lines. ¥ 
—-—- > X¥ 
C per arid lower 
halves resentble 
7E,9q wave of 
rectangular 
cross section 


Principal TEM wave TEi,1 wave 
Ac = (a + b)xr = mean circumference in meters 
Ace = ©; Te =0 ie 
' 1076 
All frequencies can pass fe = ——= Me/sec 
: NG EK 
uw henrys/m and «x farads/m medium within 


guide. 
Since circular symmetry exists, all variations with respect to ¢ must vanish. For a pure 
dielectric medium (u = wo, k = xk ando = OQ) the curl equations (138) read 


08: 0& : oH, oH ee 
ip —r Sr = —jwurH,;; pe — Sap = jork&, 
08, 08. H.: oH, id oH, OK 
Ge” Or 1 Sa Sorat tet aera 
F) ag; O(rH, ou; 
ee ie SE scorn, 
ar Ie ar de 


The & field has only a radial transverse & component and 86 = 0 if the concentric line is 
excited by a radial &, field or by applying a voltage across the cylinders at one end, and 
we find 


JH Mler 
5 a joké, (I) basic for transverse & waves. It leads to 
arg 1 06, 

1| 07 4 pee epee 4 2o0 oe 

' | ee) | = jwx&, (II) ( are ae + Ke, =0 
IE abe K =T? + peo? 

om _ ia = —jopH , (ITT) &2-= AnJn(rK) — B,Nn(rK) 


Fig. 385. Conditions for waves in a concentric line. 


cylinders of a concentric line, TM as well as TE waves if the operating 
frequency f is above the respective cutoff frequency. Normally, such 

lines are used for the propagation of TEM waves, since we have a go. 
and a return conductor. Even though TEM waves have no restrictions | 
as to operating frequency, at very high UHF’s, the transverse dimension | 
of a coaxial opening may be large enough for complementary waves to 
be excited also and to pass along the inner dielectric space. For instance, | 
a customary 13¢-in. coaxial line would give rise to complementary guide 
excitations in the 3,000-Mc/sec band, while a 14-in. concentric line would, 
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do the same thing in the 10,000-Me/sec band. It is, therefore, not advis- 
able to expect a pure transverse electromagnetic excitation for such 
coaxial lines in the above-mentioned frequency ranges. As with hollow 
cylinders, we may have complementary waves with radial variations and 
waves with circumferential variations in addition to the possible TEM, 
or principal, waves. A transmission mode in any double line, such as a 
coaxial line, may then be any of the TEM, TE, and TM types, for which 
a wave of fixed operating frequency is propagated without a change in 
form along the dielectric space bounded by respective metal cylinders. 
For the circumferential TE,,,, mode, for which n = 1 and m = 1, the 
cutoff wavelength \, is about equal to the mean circumference (a + b) 
meters (Fig. 385), while for any nth order, where n = 1, 2,3, 4,5, - - - : 
d. & [x(a + b)]/n meters. The dominant TM wave has a cutoff wave- 
length A, = 2(b — a) meters. It is equal to 6 — a meters for the next 
higher order; ([2(b — a)]/3 for the third order; ete. 


Suppose we proceed with the relations (I), (II), and (III) of F ig. 8385. The phase 
factor along the common axis (Z axis) is then e/#~l’:, changing the relations to 


oH “ 0&2 Z 
TH, = jwx&, (Ia); ip oe + H, =Jjoxr& (IIa); TE, + ps = jouH, (Ila) 
Bs 
Inasmuch as for guide action the & component acts, in effect, as a return for a com- 


plementary wave, we express it in terms of any radial distance r within the space 
between the conducting cylindrical surfaces. We find then 


rH, wis AS 
& =~—* (Ib); a joull, (IIIb) 
JK JoK or 
or 
ite 08 . ok (08,/9r) 
Hy \ jon ———]} = ry) te 9, —— ee 
e (joe #5) ar T 2 aii wep Bes rT? 
0H, 4 wK Ctee 
ar ae ou +1? oar? aha) 
= 
Using the H, and dH, /dr terms in (IIa) yields 
_oKr 078, .wk 0&2 B.: 
1k: ort 1 Ka or ae 
or 
078. nes (919) 


—+-— + K’s, =0 Bessel equation 
or? r or 


& = A,Jn(rK) + BaN,(rK) 


Bessel solution 


where J,(rK) is the Bessel function of the nth order with the argument rK and N,(rK) 
is the corresponding Neumann function. 
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Inasmuch as the differential equation (919) as well as the differential 
equations (I), (II), and (III) in Fig. 385 are the basic relations, we have 
TM waves, since we also have a longitudinal component &. For such 
waves, according to Table 10, the boundary conditions require that 
along perfect metal skins, at r = a and r = b meters, the tangential &, 
field must vanish. Hence, 


€,."='A,nJ (GI) ByNg GK) =0 
&, = AnJn(bK) + B,N»(bK) = 0 
Jn(aK) _ Jn(bK) 
N,(aK) N.(bK) 
For TE waves, a longitudinal H, component and 0H,/dn normal to the 
metal skins must vanish. This leads to 
ALJ, (GK) B,N,(aK) = 0; A,J,(6K) + BLN,OK) = 0 
mai) J,(OK) 
Ni(aK) N/‘(bK) (919b) 


r4(@) = TaD, yey = NAD 


(919a) 


Equations (919a) and (919d) are transcendental and yield, in terms of respective 
radii a and b, the K value, from which we find 


Qn K 
~~ => MW; f. = = 108 Mc/sec (919¢) 
K 2a V ux 
For TM waves, we find, from the &., and &., relations of (919a), 
An _ _ Nn(0K) _ N»(@K) 
B, TORO) Cas (ak) 


For n = 0 and large arguments zx = aK and x = bK, respectively, we have 
the approximations 


By 
Jo(a) = + a cos (. — ) for = 10 and 
Tx 4 
‘2 | 
IMG) SS Se Zin (. 
We 4 | 
(919d) 
sin («x “= ) sin (ox _ _ 
4 w4 
Ss 5 
cos (ox _ ‘) cos (vx _ A 
4 4 


Tv Tv 
ka — = b)K oe 
nx +a A 7 
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236. Essentials on Cavity Resonators. A resonant cavity is a closed 
metallic space tank in which electric and magnetic fields are excited and 
emphasized by virtue of a natural excitation. Also here we may have 
a hollow circular and a hollow rectangular cavity space. We have, in 
dz is the wavelength along the guide (along 
Z axis). B, =20/\z = Vw%px — K?; K? 
= weuk; mw henrys/m and «x farads/m char- 


acterize the pure dielectric medium within 
the guide 


cy 
distribution Dy cany ate oe 

Bz Vouk = We2UK 

w/(2r) is the operating frequency f in 
cycles/sec. For a TEi,0 excitation causing 
TEi,0,1 cavity resonance: from above 


2a 
oo Vu V1 — /f)? 


1 
ff Vue V1 — Ode)? 
a 


rz 


ein as 


Sanne 
EYL 
r 
: ee 23 
yields \ = pear: m 
andj = . = ae cycles/sec 
ie TMo,:1 at cutoff: 
& 
& = &oJ0(rK); Hy = 4 a TR) 
V n/K 


A dial 
RG Gtscen According to Step 25 of Table 10, we have 


r=O0 and r=am. K = Ko, = 2.4048/a, and \ = 2r/K = 
2nra/2.405 =2.6la m. f = 300/2.6la = 
115/a Me/sec for air inside the resonance 
cavity. 
Fic. 386. Formulas for resonant cavities. 


effect, a wave guide that is closed at either end. For TE,,,, and TM,» 
waves in a hollow rectangular cavity, we have the cutoff wavelength 


2 
— V(m/a)? + (n/b)? 


for the width a meters along the X direction and the dimension b meters 
along the Y direction. Resonance occurs, regardless of the shape of 
‘the cross section, when the length / along the Z direction is q(A./2), for 
q=1,2,3, - - - , and X, denotes the wavelength within the cavity along 
the Z direction. It differs from the wavelength \ = 1/(f ~/u«) meters for 
the operating frequency f in cycles per second, which holds for the same 
‘medium without any boundaries. Figure 386 shows a parallelepiped 


Xe 


(920) 


_ 
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of unequal sides of a, b, and / meters along the X, Y, and Z directions, 

respectively. For possible resonance frequencies, we must have a sta- 

tionary-wave pattern within the enclosed space in the cavity. Suppose 
we have first a rectangular wave guide that is excited with an &, electric 

polarization. For the gravest mode of the TEn,o type, we have a half- 

period &, distribution along the a dimension and a = 2), meters, where \, 

denotes the cutoff wavelength. Such an &, distribution satisfies zero 

tangential &, values. If now the rectangular guide is closed at either end, 

the indicated &, distribution in the front rectangular ab plane must 

vanish, but we may have such distributions in ab planes, which are not 

tangent with metal surfaces. In the vertical EFGH plane, for instance, 

we have such a distribution. For the gravest cavity resonance, we have 

also the indicated &, distribution in the vertical ABCD plane, which 

satisfies the boundary conditions for metal surfaces, along which we 
cannot have an electric field component. We then deal again with a 

half-period variation but corresponding to a wavelength A, = 2/ meters, 

for which we have the phase constant 6.. We then have the solutions 

of Fig. 386 and an unbounded operating wavelength \ = 2al/+/a? + 2 
for the gravest resonance condition. Since this wavelength holds for the 

free-space wavelength, in a dielectric of » = wo henrys per meter and xk 
farads per meter the resonance frequency becomes 


—6 —6 pe: 
f= We ~ 10 : vet for a pure dielectric 
comma Me/sec (920) | 
560 -\/'04 +L 
te al 


for air, within the cavity 


f 


For 1 = a meters, we have then \ = 1.4142a meters with a corresponding | 
resonance frequency of f = 300/(a+/2) = 212/a megacycles per second. - 
Both cases then refer to half-period variations in planes parallel with the | 
XY plane and half-period variations in planes parallel with the YZ plane. 

The resonance frequencies are then 


=6 ay) —) 
jae re Re et - + _ for a pure dielectric p, 
: | 

M K,¢ =O Me/see (9206) 


1 C72 
f = 150 = oi a om a for air within the cavity 


only one of the three integers m, n, and q may vanish. The resonance 
frequency is then generally f = fn.n,¢. In the first example, we have 
m = 1, n = 0, and g = 1, since we have only &, variations along the X_ 


Src. 236] WAVE GUIDES AND CAVITIES 1235 


and Z directions. 


For &,, we find 
, 1 1 
f Fe Tmn.n.a = fio, =o sa — Pp 


AP le 9 P 
= 11610) eet: Me/sec, for TEi,0,1 cavity resonance 


For &., we find 


1 
F = fort = 150./0 + 5 


h2 72 
=e) ae Mc/see, for TE» 1,1 resonance 


For &, we have 


Lt e jm® ie Aalipel 
B= fro: = 150./-> + 0+ = 160/544 


AT we 
= 150 vi Mce/sec, for TEs,o,; resonance 


For &,, we find 


4 
f= fror = 1504/5, + 5 


(Oy Pe: 
= 150 NA ole Me/see, for TEs,o2 cavity resonance 


where &, expresses that the entire & polarization acts parallel only with 

the Y direction. For the & case, we have only & polarizations parallel 
with the X axis. For the TEs3,o.2 cavity resonance frequency, there are 
three half-period variations along the a dimension and two _half-period 
variations along the / dimension. The resonance wavelengths of cylin- 
drical cavities are 


1 


= 
V(1/r)? + (¢/21)? 
—6 
= — Me/sec for a pure dielectric p, x, ¢ = 0 (920c) 
BK 
S300 +e cee : 
f= a Me/sec for air within the cavity; q = 1, 2,3, °°: 


where / is the length of the cylinder in meters, g is the number of half- 
period variations of the field along the cylinder axis, and \, denotes the 
cutoff wavelength for the particular mode along the cylinder axis. We 
can then use the \, values of Table 87 and write, for the wavelength \ 
‘of (920c), 
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2l 


X = 
gV1 + Ql/qr.)? 
=i 
f= wa for a pure dielectric » and «x } Me/sec (920d) 
_ 300 


f ae for air | 
Suppose we deal with a TE wave in a cylindrical resonator, of length 1 
meters and radius a meters. If we have one half-period field variation 
along the axis of the cylinder, we have g = 1. If the number of y varia- 
tions is zero, then we have in TEn,»,,, the subscript n = 0; and if the 
number of r variations is one, we have m = 1. This results in the THo11 
cylindrical cavity resonator. The n,m variations belong to the cross sec- 
tion of the cylindrical resonator, and we find, from Table 87 for the 
TE,.m = TEo,. mode, a cutoff wavelength \, = 1.64a meters. The 
resonance wavelength in unbounded space and the corresponding reso- 
nance frequency are then 


Ve 21 
v/1 + (21/1.64a)? 
300 — 
i ae Mce/sec for air in a TEo,1,1 resonator 


l 
Xr = 
/1 + (1/1.64a)? 
0.6671 
x = 
4/1 + (0.6671/1.64a)? 


m in a TEo,1,2 resonator 


m in a TEo,1,3 cavity resonator 


where f is the resonance frequency. In exactly the same way, we find 
the dielectric space resonance wavelengths for the modes of Fig. 387. 
Figure 386 shows a resonance excitation at cutoff, with zero variation — 


along the axis. We have only an & field along the cylinder axis, inde- 


(920e) | 


pendent of the g coordinate. The resonance frequency then becomes | 


115/a megacyeles per second. 


237. Basic Propagation Theory of Low-level Atmospheric Wave- 
guide Action (Low-level Wave Ducts). Low-level-stratum wave-duct 


actions occur in the lower centimeter range of wavelengths, corresponding 


to a frequency range of 3,000 to 10,000 Mc/sec, as described by C. L. | 
Pekeris! and experimentally confirmed by the United States Naval 
Research Laboratory expedition. The experiments confirm, for instance, © 
that waves of 10,000 Mc/sec can be propagated in low-level over-ocean i 


1 Proc, IRE, 35, 453, May, 1947. 
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ducts by means of first and second modes with small db losses. Theo- 
~ retical losses of 0 and 0.5 db per nautical mile may be anticipated for 
first- and second-mode propagations. Microwaves in the frequency 
range of 3,000 to 10,000 Mc/sec may be received over distances as far 


x 
x A Hines 
E lines ~—dtm. TEo,1,1 


21 
SS 
Zhe V1 + (21/1.649)2 


SS 

———>-~/_, 
{ ae ' 
= ee! U 


TEi,1,1 
21 


ei 
V1 + (21/3.41a)? ta 
r— | a TMo,1,1 
aay ee Pe 2 iy 
= Vi aia? 


10 
e" 
® 


——] —————E 
V1 + (21/1.4a)2 a 


TMi,1,1 
21 


i aes 
V1 + (21/1.64a)? iz 


21 


Fs SSS SS eae 
V1 + (21/0.724a)? 
21 

——————— 
V1 + (21/0.54a)? 
Fie. 387. Formulas for different modes of cylindrical cavity resonators. Note: For all 
_ modes the circular cross section shows at places, where a field is possible, the same field con- 
figuration as a guide for which the field moves along the guide. For any pure dielectric 
the resonance frequency is found from f = 10° °/( V uk) Me/sec. For air within the cavity 
the corresponding operating frequency is found from f = 300/A Mc/sec. 


Moreover, TMo,3,1 has A = 


TMz2,3,1 has \ = 


as about 200 nautical miles (NV nautical miles = 0.8684 N statute miles). 
Such duct actions were originally theoretically treated by H. G. Booker 
and experimented with by his group in England. It was also followed 
up by J. B. Smyth and L. G. Trolese and their groups during World 
War II at the United States Navy Radio and Sound Laboratory, San 
Diego, Calif.!| The theoretical foundations are due to H. G. Booker, 
C. R. Burrows, J. E. Freehafer, W. H. Furry, D. R. Hartree, T. Pearcy, 
M. H. L. Pryce, C. L. Pekeris, and others. For microwaves the frac- 


1 Cf. footnote 2 on p. 996. 
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tional change of the index n of refraction with respect to altitude is small 
and we can use the Hertzian potential [| for finding the electromagnetic 
field. We can then apply solution (358) on page 273, since the electric 
Hertzian potential satisfies the wave equation. We deal with a non- 
dissipative wave-duct medium and can then express (358) as 


Wall + 6'n? TsO eee (921) 


since in (358), ux = 1/v2 and the refractive index n of the wave duct is 
introduced.’ This relation includes, of course, the time factor e and 


applies to vertical polarization, for which [| is the vertical component of 
the Hertz vector, as it is usually called. For horizontal polarization we 
use in (921) the Fitzgerald vector [],. in place of the Hertz vector IL, 


since the magnetization potential is in order, and |], denotes the vertical 
component of the Fitzgerald vector. The following conditions are to be 
satisfied by (921). At great distances r from the radiator, [| as well as 


I], are outward-moving functions, and for small distances of r, we have 


the form (¢#*-#r)/r, Besides these requirements |] and |], respectively, 
must vanish at the earth crust.! 

A wave duct in which extended microwave propagation takes place 
has such a tropospheric condition, close to the earth surface, that super- 
refraction occurs.? It is a state of the troposphere for a suitable vari- 
ation of the refractive index n of atmospheric refraction to radio waves. 
Thus, if n decreases with the height h above the earth surface for some 
distance above the surface of the earth, the electromagnetic rays which 
start at the radiation center with a slight upward inclination toward 
the horizontal will curve downward. The rays must then experience 
reflection at the earth’s surface, from where they are continued with addi- 
tional reflections. For normal atmospheric conditions the field would, 
however, escape into space; but for mentioned refraction, the field energy 
propagates as a guided wave close to the earth surface and over much 
longer distances in a wave duct. Such conditions are enhanced and cause 
a wave duct when humidity decreases or temperature increases with 
elevation h, or both occur simultaneously. 

The use of mm, the modified index of refraction,! in place n in (921) 
changes the space so that the surface of the earth plane and the rays 


1 ScHELLENG, J. C., C. R. Burrows, and E. B. Frsrrexu, Proc. IRE, 21, 427, 
March, 1933 (on modified index n,, of refraction simplification). 
2 Cf. pp. 986-997. 
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become curved. We have then 


& R’ X n(R’) 
i Ry > n(R1) 


where R’ is the distance from the center of the earth and R, is the radius 
at some reference level. For R, equal to the radius of the earth R, we 
find 


h. n(R’) dn pra 
R? ny Un a 


es dn... 1 F 


where dn/dh ‘is the orthodox vertical gradient of n, if h is the altitude 
above ground level and n’(h) is the refraction anomaly, 7.e., the deviation 
of n from standard conditions. The term h(dn/dh) modifies the radius 
of the earth R to a radius R. (equivalent value), since 

1 1b 4dr 

RR+ dh 2) 
where often R,./R is assumed equal to 44, as is shown at other places in 
this text. It is customary to use the quantity M (modified index), given 
by 

M — My = 108(n, — 1) 

yielding 
X 10% 


oUT9p - S38 
Mo ote 


+ 0.048h (923) 


for absolute temperature 7’, atmospheric pressure p, vapor pressure e of 
water in millibars, and h in feet. The term 0.048h is 10%h/R). For 
standard conditions the sum of the first two terms of (923) changes with h 
as —0.012h, yielding 

M stanaara = Mo + 0.086h (924) 


For normal modes we have then 


H | = jn Y Hi Bnd)U (Rs) Un(hs) (925) 
™ 1 


for the horizontal distance d along the great circle and heights hi and hz 
of the radiation and reception centers above ground, where B,, is complex 


1240 SHORT-WAVE RADIATION PHENOMENA [Cuap. IX 


with a negative imaginary part. The height-gain functions satisfy 


a + (B'n2, — B2)Um = 0; B= Ae normalized to 
in (926) 
tf nO aaa 
1(kh30 Jo 


For other details reference is made to the paper of C. L. Pekeris! 
and further references given in it. Formula (925) represents the solu- 
tion for the normal mode for the wave equation (921) as given by H. 
Lamb.? The requirement that either [] or []», respectively, in the wave 
equation (921) stand for an outgoing function at great distances from 
the radiation center means that at large heights h the base of Um(h) must 
decrease with larger values of h. The requirement that the electric 
polarization vector [[ or the magnetization vector [], vanish at the earth 
surface is U,,(0) = 0. For an outgoing wave function at large distances 
the Hankel function of the second kind applies, and 


H(Bnd) > a} = 7 ener (927) 


There exists a case similar to diffraction spectra, since we have in ducts 
incident and ground-reflected waves and, therefore, wave interference. 
This similarity comes much closer in the case of “‘wave trapping” in a 
duct. Such trapping occurs when the modified index yields a minimum 
value at some h value, for which channeling occurs through such a level. 
In most applications the duct actions are not ideal and a leakage field 
escape must be expected above the upper duct boundary. 

238. Remarks on Electromagnetic Reflectors and Lenses Based on 
Wave-guide Action. It is often desired to design an aerial system for a 
certain forward field pattern. A special reflector and an electromagnetic 
lens can be used. The reflector is located behind the actual aerial, in a 
position similar to that of an optical reflector. The electromagnetic lens 
adapted to form a desired field pattern is located between the actual aerial 
and the distant field region. For the reflector and the lens system we 
must choose: the front face of the reflector, which faces the actual aerial; 
and the entire shape of the lens, to satisfy the desired electromagnetic 


field pattern, either transmitted or received. Reflector designs, like — 


1 Proc. IRE, 35, 458, May, 1947. 

2 Phil. Trans. Roy. Soc. A,203, 1-42, January, 1904, gives an exact solution for the 
radiation from a point source in an isotropic elastic half space. Lamb treats only the 
normal mode (the Rayleigh wave), while H. Jeffreys applied the Lamb procedure to a 
medium with layers, yielding an infinite number of modes, called love waves (Beitr. 
Geophystk, 30, 336-350, June, 1931). 
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paraboloids, radar dishes, etc., are well known in the art, but electro- 
magnetic lenses are of more recent date.! 

Electromagnetic lenses are based on the optical-ray concept. The 
lens dimensions must, therefore, be large with respect to the free-space 
wavelength, corresponding to the operating radio frequency, in order to 
avoid any appreciable diffraction effects. At the present time we have 


Dpol °— fi Circular 
we Reflector w fs GAG 


y zB Frorr 
<Lens (b)-Small horn 


; 00 
(a)- Dipole + a 
ao 
9 50 
S 
10 -10 
9 (3 
3 db 
= -25 
(ae 
(c)-Full horn 0.1 -30 


sme Om SO 5:  HOnt 15 
Degrees 
(d)- Directivity of sectoral horn, having 
an f/0.64 lens in aperture 
Fie. 388. Electromagnetic lenses. 


electromagnetic lenses which are like customary optical lenses, and based 
on ‘Snell’s refraction law (consult pages 790-793). If the lens is applied, 
as here, to electromagnetic rays, we can use one for which the relative 
index n of refraction is based on a phase velocity c’ within the refracting 
lens that is smaller than for the surrounding air of the lens. The index 
of refraction n is then n = ¢/ce! = ~/ux/~W/poko > 1, since in the refracting 
lens c’ = 1/+/jox m/sec and for the surrounding air the velocity is about 
¢ = 1/+/uoko m/sec. The quantity « is the dielectric constant of the 
lens in farad/m, and yu» henry/m holds for the space surrounding the 


1 Kock, W. E., Metal-lens Antennas, Proc. IRE, 34, 828-836, November, 1946, 
Path-length Microwave Lenses, Proc. IRE, 87, 852-855, August, 1949, Metallic 
Delay Lenses, BSTJ, 27, 58-82, January, 1948; Drvorn, H. B., and H. Iams, 
Microwave Optics between Parallel Conducting Sheets, RC'A Rev., 9, 721, December, 
1948; Frius, H. T., and W. D. Lewis, ‘‘With Respect to Scanning Aberrations,” in 
their paper on Radar Antennas, BSTJ, 26, 219-247, April, 1947; Ruzn, Joun, 
Wide-angle Metal-plate Optics, Proc. 7RE, 38, 53-59, January, 1950. 
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lens and the space occupied by the lens. There is also an electromagnetic 
lens, due to W. E. Kock (loc. cit.), which is based on phase velocities c’ 
for the lens which are greater than the velocity c holding for empty space. 
We have then an index of refraction n = c/c’ <1. Such a lens uses, as 
in Fig. 388a, b, c, and d, TE waves by means of a number of conducting 
plates of suitable shape spaced a distance s meters apart. To cause 
TE waves through the length of the lens, the spacing s between con- 
secutive metal faces must be greater than one-half of the free-space 
wavelength \) = 300/f meters, if fis in Mc/sec. It is assumed that the 
extensions of the metal faces between which TE waves pass are sufficient. 
For parallel faces (metal) which are also parallel to the electric field vee- 
tor, we have a phase velocity c’ of the lens and an index of refraction n. 


ce =c/V1 — p’; n=c/¢ = V1 — p’; = is (928) 


provided nonferromagnetic conducting metal plates are used and the 
wave medium about the lens is air, so that ¢ & 1/+/uoKo meters/sec. 

The method of designing a reflector surface, as well as an electro- 
magnetic lens, is to find first the space-directivity pattern of the par- 
ticular aerial without a reflecting surface or a lens. After having found 
such a pattern for unobstructed space, it is compared with the desired 
pattern and by space geometry as well as Snell’s refraction law (in the 
case of a lens), the required shape is determined. For lenses, the thick- 
ness of certain lens portions as well as the dielectric constant of the lens 
and its shape is used for producing the desired pattern. It must be 
noted that for electromagnetic lenses, using a lens similarly as in optics, 
the entrance of the ray and its emergence on the other side of the lens is 
given by Snell’s refraction law. For a lens depending on a wave-guide 
action, we deal also with a conversion from TEM into TE and back to 
TEM waves. It has been shown that by a superposition of electric 
and magnetic current sheets such changes can be accounted for. 


APPENDIX 


With respect to the symbols employed in this text, unless otherwise specified, 
we have the nomenclature of Table 89. Table 90 gives the conversions from the 
rationalized mks units into electrostatic cgs units as well as into electromagnetic egs 
units. The Giorgi mks system is based on the mass in kilograms, length in meters, 
time in seconds, and charge in coulombs. Since the coulomb is used as an independent 
unit, we find for vacuum yo = 4710-7 = 1,257 X 10-8 henry/m, c = 2.9979 x 108 
m/sec, and ko = 8,854 X 10712 farad/m. On pages 595 and 596 of “Phenomena in 
High-frequency Systems” it is shown that by means of the Heaviside system of units, 
as used by H. Hertz as well as by H. A. Lorentz, the factor 47 can be eliminated. In 
the classic Gauss system of units, we have the velocity c as is specified above, and 


wo = 1 = xo and ec = 1/V/ oxo. Any relation given in mks units can be transformed 
readily to Gaussian units by replacing xo and Ho each by 1/c, the current density J 
_ by J/c, and the specific conductivity o by c-:o. In each system of units, we satisfy 
the conditions that in the electromagnetic field relations the product poo and the 
Tatio yo/ko are of consequence, but neither Mo nor ko by itself. As in any theory, 
units are based on experimental facts, generally observed by motion of a body due to a 
force. Thus a force F, appearing in the well-known Coulomb law, is equal to Kqiq2/ 
_(kr)?, where the dielectric constant « defines an electric property of the medium in 
which electric charges g; and g2 are located and experience a mutual force F when 
separated a distance r in such a medium. A similar experimental law F- = Km,m2/ 
(ur?) exists in a magnetic system for respective magnetic masses m; and m2 and be 
defining the magnetic property of the medium in which m, and mare located. Using 
M, L, and T for the customary symbols for mass, length, and time, we can readily 
arrive at the well-known classic systems of units. The constant K in either system is 
a mere number, depending upon the units employed. For instance, in the es-cgs 
system, we have K = 1, while in Heaviside-Lorentz units K = 1 /(41r) is basic. 
Hence, in es-egs units F = qiqo/ (xr?), where neither g nor x can be expressed. But 
for equal and opposite charges of value gq, the ratio q?/« is equal to force times r?. 
But force F is also mass times acceleration, or ML/T? in units and when multiplied 
by r?, w.e., by L?, yields the dimensions for g?/« equal to |ML7'-*|, and for ¢ we have 
the dimensions |1/ML‘7T-%| = |M AL“T-\4| if M stands for the mass unit in 
grams, L is in centimeters, and 7' in seconds. Taking as in the es-cgs system, x = 
1 = xo for vacuum, then q may be taken unity when F is the force of ldyne. All 
the other units are found by the same reasoning and similarly for the em-cgs system. 
_ From Table 90 we note that many of the classic electromagnetic relations are 
unrational, so that conversion factors must be used. For instance, the ampere turn 
per meter in the rationalized mks system for the magnetic field intensity must be 
multiplied by the factor 4710~* in order to bring about the conversion to the H value 
in oersteds, as used in the unrationalized em-cgs system. Thus 


0& 
curl.H = 4rcog + he 
c ot 
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Symbol Stands for Remarks or dimension 
A, Ai, Az, . . . | A factor, an abbreviation for sev- | If an area, in m? 
eral terms, an area 
a, a1, a2, ... |A factor, an abbreviation for If a linear dimension, in m 
terms, a dimension such as a 
radius 
a, a1, 02, ... | An angle, attenuation constant If an angle, in degrees or in 
radians; if attenuation con- 
stant, in nepers/m 
B, Bi, B Magnetic flux density, B funda- | Magnitude of B is in webers/m? 
mental magnetic vector of] or volt-sec/m?; B is also 
magnitude B, dot below is often} known as magnetic induction 
omitted for simplicity’s sake 
be bis boaeeneer A constant, an abbreviation, a| Ifa distance, in m 
distance 
8}, B1snbasnee An angle, phase constant If an angle, in deg or in radians; 
if phase constant, in circular 
radians /m 
C, C1, C2, . . . | A factor, capacitance If capacitance, in farads 
CHC Cu A factor, an abbreviation, the | If velocity, in m/sec 
velocity of ideal propagation in 
vacuum and along ideal lines; c’ 
is phase velocity; c’’ is group 
velocity (consult pp. 7, 366, 
368-373, 376-388) 
YY 72, --- | Angle In deg or in radians 
it, 10 eee Gamma function, propagation | If propagation constant, in gen- 
constant eralized hyperbolic radians/m, 
oT / aN since equal to a + j8, where a 
: .o1 cad : ; : 
PT, = Jo] vo (« ~jr- is in hyperbolic radians/m (1.e., 
2 ; nepers/m) and £ in circular 
: = a1 +961) radians/m) (consult pp. 30, 44 
for w/6.28 in cycles/sec; ui = 4 
; het 741 = 40) 45, 46, 48, 58, 58, 59, 70, 12m 
801) 
D, D;, Ds, . . . | A factor, electric flux density, also | If electric flux density, in cou- 


known as electric displacement, 
a diameter 


lombs/m?; if a diameter, in m 


d; di, Ga). «7 


A constant, an abbreviation for 
several terms, a distance such as 
a diameter; a differential oper- 
ator 


If a distance, in m 
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(Continued) 


ee a 


Symbol 


Stands for 


Remarks or dimension 


An angle, a small thickness, a 
decrement 


If an angle, in circular radians or 
deg; if a thickness, in m 


K, Al, AV, A&, 


An operator of a small total quan- 
tity like Al which is a very short 
length; A expresses also a deter- 
minant 


Al is expressed in m; AV is ex- 


pressed in volts; Aé in volts/m; 
AH in amp/m; A is also Mur- 
phy’s operator; A = V2 


V,V:-F,VXF 


V is the del operator in vector 
analysis; V - F is a “dot’’ prod- 
uct, and is also known as the 
divergence of vector F or div F; 
V X Fisa “cross” product, and 
known as the curl of vector F or 
curl F or rot F 


The vector F stands, for in- 
stance, for the field vector H or 
the field vector &, respectively, 
curl F =v XF =rot F; div F 
=V-F 


iy tia; He, ... . 
Ey, Eu, B22, 
Em; Hig, . . « 


Voltage, H, self-voltage, Hy, self- 
voltage of conductor 1, Hx» self- 
voltage of conductor 2, Hm mu- 
tual voltage due to another con- 
ductor or radiator, #,. mutual 
voltage of radiator 2 on radiator 1 


All voltages in volts (for other 
details consult pp. 650-654, 
656-665) 


Instantaneous voltages 


In volts 


Base of natural logarithm 


e = 2.7182818; we have also 
loge N = 2.302585 login N 


Electric field vector, self-value, 
mutual value 


In volts/m; g* is conjugate 
vector of & (consult pp. 118-124, 
210-214) 


General field vector, may be & or 
H, function symbol, first deriva- 
tive of function, second deriva- 
tive, ete. 


& in volts/m, H in amp/m, F(a) 
is a function of x; F* is con- 
jugate vector (pp. 118-124, 210, 
610) 


Frequency 


In eycles/sec, in ke/see or 108 
cycles/sec, in Me/see or 106 
cycles/sec 


Leakance conductance per unit 
length of a transmission line (par- 
allel-wire line, concentric line) 


In mhos/m 


Magnetic field intensity, magnetic 
field vector; H* is conjugate 
vector (pp. 118-124, 210— 214) 


In amp/m 
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Symbol 


(Continued) 


Stands for 


Remarks or dimension 


H(z), H? (a) 


Hankel functions, also known as 
Bessel functions of the third kind 
of order m and argument x 


For details consult pp. 295, 323, 
333, 339, 343, 479, 1232 


Height of a vertical linear radiator, 
height of a radiation center above 
ground level, height of a recep- 
tion center above ground level, 
any altitude above ground level 


Currents; /* is conjugate vector 
of vector J (consult pp. 210-214) 


Instantaneous currents; 7 is also 
used as a unit vector (pp. 197, 
1268-1271) 


J is electric current density; Jn(x) 
is a Bessel function of the first 
kind of order 7m and argument 7; 
Jm is magnetic current density 


Measured in m (Ah, is effective 
height) 


In amp 


In amp 


J isin amp/m? J» is in volts/m? 


The imaginary unit equal to 


a 


jis also used’ as a unit vector in 
vector analysis (consult pp. 197, 
1268-1271) 


A factor, expressing several terms 


For wave guides K is as in 
formula (916) 


h, hi, he, he 

if To, He lige 
iis,” ae Be 

A, Se RR, 
J, In(&), Im 

j 

K, Ky 

k, ki, Knm 


A factor, expressing several 
terms; an integer suchas 1, 2, 3, 4, 
...j3 & is also a unit vector 
(pp. 197, 1268-1271) 


; Q * 
knm and ‘kh, , are given in Hq. 


(916) and Table 10 


! 
K, Koy Key Ke, Kr 


x actual dielectric constant of any 
medium ; ky dielectric constant of 
avacuum;«, = k — jo/w equiva- 
lent dielectric constant of gen- 
eral medium; x, = «/ko relative 
dielectric constant of a perfect 
dielectric medium; «, = Ke/Ko 
= kr —718,0000/f for f in Mc/ 
sec for medium with heat losses 
(¢ ~ 0 mhos/m) 


ko, kK, Ke in farads/m; ko = 8.854 
X 1072 farad/m for a vacuum; 


, 
Kr, Ke 


stants with respect to value xp of 


a vacuum; w/62.8 is in cycles/ | 


sec; ¢ is mhos/m 


L, Lia, Lor 


Self-inductance, mutual induct- 
ance of circuit 1 on circuit 2 and 
vice versa 


In henrys 


are the relative numeric 
values of the actual dielectric 
and equivalent dielectric con-— 
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(Continued) 
Symbol Stands for Remarks or dimension 
te Us Actual length, equivalent elec-|In meters (consult pp. 7, 166, 
trical length 195, 248, 517, 1243, 1252) 
A, Ao, Ag Wavelength, wavelength in vac- | In meters 
uum (essentially so for air), 
wavelength along a wave guide 
The symbol } is also used in the Sommerfeld integral 
ike $9 r dr 
<= To(rp)f(h)r dr; f(h) = Told - p)et*? dp = ———— ; 
0 0 Aim. Ie? 
k > 0, leading to the Sommerfeld relation (1/r)e*" = 
5a Se dr 
t2V—I? 74) « p) ——————= where the upper and lower signs 
it A/ 2 om kk? 
are taken according to z $ 0 (for other details see p. 593) 
A Am, Ae A» usually written as A, is the} A, in volt-sec/m; A, in amp - 


retarded magnetic vector poten- 
tial at a distant field point; A, 
is the retarded electric vector 
potential 


sec/m (details on pp. 87, 92, 
214, 218, 229, 249, 258, 290, 
1277-1278) 


Vector volume density of mag- 
netization ; mass, mutual induct- 
ance; M is also modified index 
of refraction 


my, mo, Me, Mm, 
mi, M2 


Mass in kg, mutual inductance 
in henrys 


m;, and m, stand for magnetic 
matters that act on each other; 
m is the electric charge moment 
qdl of a Hertz doublet; m, is 
the instantaneous current mo- 
ment di/e’** of an infinitesimal 
dl radiator; mo = Om dS is mag- 
netic matter for an elementary | 
magnetic dipole, causing a mag- 
netic moment m, = modl for 
a magnetic surface density Om 


i Hy Mo, Mr 
/ 


Permeability (magnetic) of a 
wave medium; po for a vacuum 
(and practically so for air and 
nonmagnetic matter); u, = w/mo 
is numeric relative magnetic per- 


meability with respect to vac- 
uum 


m = qdlm -coulombs; 
m, =idlm-amp 


In henrys/m; uo = 1.257 X 1076 


henry /m; 1/u m/henry is abso- 
lute magnetic reluctivity 
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(Continued) 
Symbol Stands for Remarks or dimension 
N, Ni, No, . . .| Certain numbers, in some cases | Nn(x) 1s 


these numbers stand for integers 
such as l, 2, 3, 5, } tor 
instance 


Neumann function 
second independent solution of 
Bessel equation (pp. 295, 304, 
322) 


N, N1, N2, N1,2 


n is relative index of refraction of 
general medium with respect to 
vacuum (numeric); mi is rela- 
tive index for air as medium 1 
(where pi = Ho, K1 = Ko and ao, 
= 0); nm is, relative index of 
medium 2 (where x2 # ko, w2 = 
po, and a» #0); m2 = N2/m1 is 
relative value for wave passage 
from medium 1 into medium 2; 
m1,2 = (sin 6:/sin 62) = ne/n1 


6, is angle of wave incidence, 
and 62 is angle of refraction into 
medium 2 with the normal to 
the plane of medium separation. 
[For details consult Sec. 13 and 


formulas (33), (34), in that 
section | 

sin @, Te 
ULE haar 

sin 62 Ty 


dig Po9; 
P, (cos @) 


v =f-/f = d/d- in wave guides 


fe is frequency below which no 
power transfer without attenua- 
tion is possible; f is operating 
frequency 


P is power in watts; P is usually 
a distant field point; Py,» is such 
a point at location 7, ¢, Pn(cos 6) 
surface zonal harmonics or 
Legendre polynomials (p. 328) 


r is distance in m to field point; 
6 is angle that r makes with 
+Z axis, and ¢ is angle that 
the projection of r into the XY 
plane makes with +X axis 


A parameter, 
viation, used as a factor, Poyn- 
ting vector 


used for an abbre- 


watts /m? 


a = 3.1415927 occurs in w as 2zxf 


f in cycles/sec 


0; 1, 9 


ae ee ne ee a a eS Se eee 


Hertz vector; or used as the Gauss 
function such as I] (a) treks) 
in relation to the Gamma 
function T'(a@ + 0:11, magnet- 


ization vector (pp. 222, 312, 
1275-1277 and Secs. 245, 246) 


mension is in m - volts. 
Gauss function Iw consult 


Appendix under Gauss and 
Gamma functions (See. 241) 


If applied to spherical and cylindrical coordinates, ¢, denotes the | 
angle that the projection of the distance r to the field point P | 
(Figs. 3, 17, 18, 26) into the XY plane makes with +X; ¢ may be | 
any other aie ; in deg or radians; y may be the argument of the » 


power factor cos ¢ 


Poynting vector, real part, is in 


If Il is Hertz vector, then di-_ 
For | 
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TasLe 89. List or Customary Sympots Uniess Sprecrriep OTHERWISE. + 


(Continued) 


=." tine eee eee 


Symbol Stands for Remarks or dimension 

, Di, bo, b; # may be the total magnetic flux| @ = BA = wHA for B in webers 
in webers; ©, @,, 6; may be] per m, area A normal to which 
function signs as in 6(x);@ may | flux acts in m?, H in ampere 
be a potential in volts turns/m, u in henrys/m 

WW; Su May be any phase angle In deg or radians 

Vv A current or flow function In amp 

Q, Qn (cos 8) Q denotes the quality (or figure | Q = wx/o 
of merit) of a wave medium 
(See. 13); second solution of 
Legendre’s equation (p. 322) is 
given by Q, (cos 6) 

Qs Jaane) - « Charges in coulombs; sometimes | Charge in amp - sec 


q is used as an abbreviation 


R, Roo, Ru, Roo, 
Lie lent lun. Loy, 


Resistances; R, self-resistance; 
R,, toutual resistance contribu- 
tions; Riz, R13, Res, . . . mutual 
resistances (for details pp. 517%- 
521, 609, 652-696, 1007-1014); 
R, radiation resistance; R, in- 
put and R» output resistance 


In ohms; R, and R, are the co- 
efficients of refraction (nu- 
meric) for vertical and_hori- 
zontal polarization (Table 44) 


Resistances; r may also be a 
radius or any distance to a field 
point 


In ohms if resistance; in m if 
distance 


R:, sitet.e Isp Ri 
Mls 725 0 6 « 
p 


Magnitude of reflection coeffi- 
cient (pp. 794, 798-824, 827, 
829); for wave guides, we have 
p= V1 — (./f)? asim, 
(915f); p may also be the charge 
concentration in space; p may 
also be a distance such as to a 
field point or a radius 


For p as a reflection factor p is 
numeric; for p as a distance p 


is in m; p as the space charge 


density is in coulombs/m? 


Surfaces 


Area of surfaces in m? 


Specific space conductivity of a 
medium; o¢,, is magnetic surface 
density 


In mhos/m (is number of mhos 
between two parallel square- 
meter planes of medium spaced 
1 m apart 


| Se ee ee 
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Taste 89. List or Customary SyMBOLS UNLESS SPECIFIED OTHERWISET 


(Continued) 
Symbol Stands for Remarks or dimension 
>: Summation sign with r parts poh 
Pe Prey aries 
. r=1 
T, TEM, TE,|T is period 1/f of excitation; | 7 in sec and f in cycles/sec; TH 
™ TEM is transverse electromag-| and TM waves exist only 
netic wave; TE is transverse| within a guide and next to 
electric wave; TM is transverse | a radiacor 
magnetic wave 
ARG LS. c Time In sec 
T, ar 7 any volume; dz elementary vol- | In m3 
ume 
U, dU Resultant and elementary mag- | In amp 
netic potential at a field point 
u An argument as in the sine integral Si and cosine integral Ci fune- 
tions, as in 
ZV my a 
sin u ; cos 
sie= | “ du; Ge=- | ~ du 
0 u x U 
V, Vi, Ve V scalar potential, and potential | In volts 
differences V; and V2 
v Used generally as the velocity | In m/sec 


of propagation. Sincev = w/B, 
we deal with what is known as 
the phase velocity 


Width, also used for wave func- 


tion 


" X, Xi, Xe, X.,| Reactances; X., Xi self-react- 


X11, Xm, X12 


ance of circuit 1; X», mutual 
reactance contribution; X12 mu- 
tual reactance of circuit 1 due 
to circuit 2 


Cartesian coordinate along X axis 


If width, then in m 


In ohms (may be positive or 
negative) (consult pp. 409, 417— 
421, 519, 609, 650-671, 690—- 
697, 712-717) 


In m 


Admittance 


In mhos; if for a double line we 
have mhos/m 
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TaBLE 89. List or Customary SymBots UNLESS SPECIFIED OTHERWISE} 
(Continued) 
Symbol Stands for Remarks or dimension 
y Cartesian coordinate along Y | In meters 
direction 
Z, 41, Zs, Zs,\ Impedances; Z,, Z1, self-imped-|In complex ohms (for details 
Zi, 2m, Zi2 ance of circuit 1; Z» mutual im-| consult pp. 409, 417-421, 519, 
pedance contribution; Z:z2 mu-| 609, 650-671, 690-697, 712-717) 
tual impedance in circuit 1 due : 
to circuit 2 
z Cartesian coordinate along Z di- | In m 
rection 
tn, ¢ Cartesian coordinates (consult | In m 
Fig. 27) 
6, 91, 02, 6 An angle or the 6 coordinate along | In deg or radians 
a meridian in a spherical coordi- 
nate system (Fig. 27) 
w@ 2rf angular velocity, f in eycles/ | In radians/sec 
sec 
2 Expresses ohms or is used as an 


abbreviation (pp. 408, 710) 


} The necessary dimensions are always given with significant formulas, and special symbols are 


always explained where they appear. 


The symbol x was used for the dielectric constant in order not to 


confuse this constant with the symbol e, which stands for the base of the natural logarithm. The 
symbol e appears often in the same expression as x, 


for & and x in the es-cgs and H and yu in the em-cgs system, respectively, is the well- 
known curl equation! linking magnetic H and electric & vectors by means of the 


velocity of light ¢ = 
bility «4, and conductivity c. 


But 


K 


3 X 10° cm/sec for a medium of dielectric constant «, permea- 


08 


curl H = 4ro0§ + — — 


ce 


Ot 


is the converted expression when all quantities are expressed in em-cgs units.? 
A derivation for a plane electromagnetic wave traveling along the X axis of an 


1Hunp, A., “Phenomena in High-frequency Systems,” p. 595, McGraw-Hill 
Book Company, Inc., New York. 


2 [bid., p. 329. 


1252 


SHORT-WAVE RADIATION PHENOMENA 


TaBLeE 90. Quantities THar Occur OFTEN IN ELEcTROMAGNETIC RELATIONS, 
CoMPARED IN Cuiassic CGS anp MKS Sysrems or Units; c = 8 X 108 m/sec* 


Quantity Mks eo ae cai Electrostatic egs 
NUR, so: Its 108 abvolt 108 
Voltage p volts plea s p Hnbees 
c 
Current.) eee p amp p10 abamp pcl0 statamp 
1 . 3:3 ae h 10° abohm 9 
Resistance p ohms pl0° abohms o* statohms 
c 
Power > >:ceSeeeere p watts p joules /sec p10’ ergs/sec 
Charge... 9-2 -222-=--| 2 coulombs p10 abcoulomb pcl0 statcoulomb 
Capacitance......... p farads pl0~ abfarad pc710~® statfarad 
Inductancesenaeane p henrys p102 abhenrys ae aethene 
c 
Magnetic flux density .| B webers/m? 104B gauss /em? 10-5B 
3 
Magnetic flux........ @ webers 108 maxwells 10% 
3 
Specific conductivity. .|¢ mhos/m 10a 9 X 10% 
Magnetomotive force .| p amp turns 4710p gilbert 12710°%p 
Magnetic field inten- 
SEG. de ot cs  eeeee H amp turns/m | 4710-°H oersted 127107H 
Dielectric displace- 
ment,.............| D ecoulombs/m? | 4710-D 127105D 


Electric field intensity . 


& volts/m 


Permeability......... 


w henrys/m 


Dielectric constant... 


x farads/m 


10°8 abvolts/em 


1072 abhenrys/cm 


10x abfarad/em 


1088 
—— statvolts/em 
c 


107 
—s stathenrys/em 
c 


10-'cx statfarad/em 


* If we compare the mks, Gaussian, es-cgs, and em-cgs systems, we must satisfy the relation u/+/ oxo 


= c = 3 X 108 m/sec, which is a length dimension divided by a time dimension. 
we have the unit vector u = 1, wo = 1.257 X 10- henry/m, and «o = 8.854 X 10-12 farad/m. For 
the Gaussian system u = c, wo = 1 = xo. 
For the em-cgs units u = 


Ko = 1. 


1; yo, = 


1 and ko = 


For the es-cgs units, u = 1, wo = 
10-2°/9 (sec/em)2, 


For the mks system, 


10-20/9 sec/em? and 
Hence, when the charge 


ge is measured in es-cgs units and gm is the value, measured in em-cgs units, we have ge = cqm. 
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XYZ coordinate system in perfect dielectrics leads to the simplified expressions 


aH, Ih GRIESE, aS, 1 @6, both expressions may be thought of in the 


di px dx?’ die uk dx? same units 


Hy = file — vt) + fo(w + vt) 
& =filx — vt) + fo(x + vt) general solution of which only one term applies to 
a motion along +X axis 


showing that magnetic and electric field vectors are perpendicular to each other 
(along the Y and Z axes) and move, as it were, with plane YZ along the X axis with 
a velocity v = 1/ V tit, which for empty space is the velocity of light ¢ = 3 X 101 
em/sec. For any wave (not necessarily plane) if we express the field components 
&2, &,, and & along the XYZ directions in es-cgs units, the conversion to em-cgs units 
is accomplished by just writing &,/c, &,/c, &2/c, and 1(uc?) for &, &,, &2, and x. 

In the classic publications, we find then (1) the electrostatic centimeter-gram- 
second system (es-cgs), (2) the electromagnetic centimeter-gram-second system 
(em-cgs), (3) the Gaussian system for which the electrical quantities have the same 
dimensions as in the es-cgs system and the magnetic quantities have the same dimen- 
sions as in the em-cgs system. The Heaviside system avoids most of the factors 


such as 47 and V4 and gives, for instance, the symmetrical forms 
curl H = — — and curl 6 = — — — 


instead of the unsymmetrical forms 


K 0S oH 
curl H = — — and curl! = =) =— 
c? ot ot 


for a nondissipative wave medium. However, in the rationalized mks system of 
units, we have the simple expressions 


0& oH 
eurl H = « — and curl € = —p — 
ot ot 


for a pure dielectric wave medium. Such comparisons, as well as the expressions 
given in Table 94, show the great simplification of the mks system and the reason 
why it is used exclusively in this text. The intercomparisons give, besides, a means of 
translating relations given in classic theory into more up-to-date expressions. 

239. Notes on the Relation of the Modified Index M of Atmospheric Refraction 
to Electromagnetic Wave Propagation. Some writers prefer such an index M of 
refraction instead of the customary index n. For the case of flat earth, we have 


+ ksh (929) 


which is based on the expression 


M = E —1l) + | 108 (930) 


and the outcome of the Debye theory. Such relations were used by Englund, Craw- 
ford, and Mumford and others, but in more recent years we have secured many 
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experimental data for determining the coefficients ki, k2, ks, and ky. We have for M 
values from about 300 to 550 and the modified gradient d/7/dh may be found for 
height intervals dh equal to about 15 to 25 m. Englund, Crawford, and Mumford 
used coefficients of the order of magnitude k; = 79.1, ke = 10.9 and ks = 3.81 X 10%, 
the coefficient k4 being the ratio 10°/R with RF being the radius of the earth in meum 
and h being the height in meters above sea level. 

The moisture of the lower atmosphere is expressed in terms of the relative humidity 
(or vapor pressure). The relative humidity is the ratio of amount of water vapor 
present to the amount of water vapor for saturation. The absolute humidity would 
be the mass of water present in unit volume of the atmosphere, usually measured as 
grams per cubic meter. It may also be expressed in terms of the actual pressure of 
the water vapor present. This is based on the fact that customary atmosphere is a 
mixture of dry air and water vapor. According to Dalton’s law the total atmospheric 
pressure is then the sum of the pressure due to dry air and the pressure due to water 
vapor. In the same way relative humidity can also be expressed in terms of pressure, 


since the pressure due to the vapor is approximately proportional to the amount 


of vapor present. . Hence, the relative humidity is the ratio of the pressure of the 
water vapor actually present in the atmosphere divided by the pressure that would 
be exerted by the water vapor if the atmosphere were saturated at the existing tem- 
perature. If we multiply this ratio by 100, we have the relative humidity in per cent. 

It is understood that the coefficients k1, k2, and k3; have to do with atmospherie 
conditions and are determined from soundings (temperature and pressure readings) 
and ks is about 0.157. In above formulas p denotes the barometric pressure in milli- 
bars (l-mm column of H, corresponds to 1.333 millibars), p, is the water vapor pres- 
sure in millibars and about 1 per cent of p, 7 denotes the absolute temperature 
273+°C. Wet- and dry-bulb thermometers are mostly used for finding the relative 
humidity of the lower atmosphere. 

240. Notes on Lommel’s Expressions for Fresnel Integral Evaluations. In 
Fresnel integrals 


C(s) = if Gos (0.548%) de) Pandan aye ir * sin (05x82) ds (981) 


when used with diffraction problems we may employ either the Cornu spiral or the 
corresponding values x = C(s) and y = S(s) as given in Table 67. This table is 
carried up to arguments as high as 8.5. 

According to Lommel, we can evaluate the above integrals for any argument to 
any desired accuracy by means of 


O(s) = 4 [FG de = V2 IP cos (342) + QE) sin (342)] 
S(s) = 34 f Sal@) de = \/2 PE sin (342) — Q@) cos (342)] — 
where P(z) and Q(z) are given by the Bessel terms 
P(e) = Jus(342) — Jy(342) + Jou(362) — + + 
O@) = Jes42) — J40G2) — Fayp(36e) — - -- | 


since these series converge and we have only to add up from Bessel tables of order 


(2n + 1)/2 and to use successive alternate functions for a desired argument. Then, | 
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also, for the field amplitude A in our diffraction solutions 


A= VEO FEO =| ruoels[ [neal oss 


where A is the length of the chord from the symmetry point (origin) of the Cornu 
spiral to a point along the spiral that is equal to the value of s. 

These formulas for the numerical evaluation of the Fresnel integrals are based on 
the identity or substitution 


yielding 


and 


. a 2z2\ 1 2 
C(s) = cos (0.578?) ds = cos { — — } = 42 dz 
0 0 2) a fee We 
1. |} ele 
res / =, 008 Ze 5 if J_44(z) dz (935) 


0 
8 1 z 2 1 rd 
S(s) = sin (0.57s?) ds = - — sin zdz = — J (2) dz 
0 2/0 Te 2 Jo 


Inasmuch as 
Ji(2) = ¥4[Jna(2) — Insile)] 
we may write 


J5(2) = 2S "6 (2) + Sse (2) = Qd'y5(2) + 2d '5g@) + + © + WI an arysa(2) +S cans.sy2(2) 


Hence 
Mg i J _14(2) dz = Ji (2) + J56 (2) mp CSS J (4n41)/2(2) +h is J (4n43)/2(2) dz 


When the value of (4n + 3)/2 is chosen large enough, we can make the value of 
4 ; J (z) dz of the order (4n + 3)/2 sufficiently small and arrive at the formulas 


Cl) = 346 [I u@ de = Sy) + Ju) + Jue + --- 


(936) 


S(s) = 14 if Jy(2) dz = Jag(2) + Ju(2) +Jiy(e) + --- 


or series expressions that are convergent. 
241. Gauss and Gamma Functions. These functions occur with Bessel functions 
J,(e) of the first kind if the order n is not a positive integer. We have then 
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Jn(e) = (=1)™(0.5p)"t2™ 
m=0 Hom l@ + m) 

pe E = p? a3 p! . | 

iia Q(2n +2) 2 X 4(2n + 2)(2n + 4) 
= (937) 
( =< 1)2 (Gi5p) 032" 
ied » mI0(n +m + 1) 
m=0 


au (0.5p)” “§ (0.5p)"*2 (0.5p)"*4 _(0.5p)"* 
~Tan+1) Tnat+2) 22%(n+8) ~ 6r(n +4) 


where, for instance, [lm + m) is known as the Gauss function and ['(n + m + 1) is 


the corresponding Gamma function. Putting n + m = 2, Table 91 can be used for 
numerical computations. We have also 


n\n* iL “ x sal 
it =i 5 = Poo di 938 
(a) oe)... a-Ew) Tees | +2). | (938) 
for the Euler constant y = 0.577216, and 
re+1)=er@); [@=re+y; H@=adl@-1 (939) 
The Gamma function is defined by 
rae i, * eee dz (940) 


which can be used to compute all positive integral values of argument p, as is shown in 
solutions (945) and (946). We have also T(0) = © and 


ie IMG ape 1) 


I'() (941) 

which gives a means for computing I'(p) when I'(p — 1) is known. 
Generally, if we put a Gauss function Il, p) equal to i 
_ 1 Xia ase 
(0 + 1)(o +2)(p +3) --- (9 +h) | 
we have 

il <2 Sa 7 
[1 @, ») = ke 
(pice) (iene) (e) + 3) » = (0 4k) 
WGZ a SOG 

1 Z 3 p 
1 = = 1 = | soe aa | 
( ++i +i) (+4) | 
if pis an integer. We also have I 
1+ 
Me o +1 =[]a ») 2 (942) 


1+ (1 +b p)/k 


Taste 91. For [](z) = r(e +1) =r), 
FuNcrTIons 
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=p-—1, ror Gamma anp Gauss 


0.0 0.9 |999] 948 
(Uh Ne 514] 474 
One 5 9 aes 182} 156 
0.3 0.8 |975| 960 
Oh | ee 873] 868 
Dea” ees 862} 866 
Dige Th 935| 947 
0.7 0.9 |086] 106 
OF Summa erie 2, { 314] 341 
OLOe. yeaa 618] 652 
1.0 1.0 |000| 043 
iba ».... [465] 516 
2) 1.1 |018} 078 
TES 4 ||| ae nee 667] 738 
1.4 1.2 |422) 503 
1.5 1.3 |293] 388 
1.6 1.4 |296] 404 
a7, 1.5 |447) 571 
ies} 1.6 |765| 907 
1.9 1.8 |274| 436 
2.0 2 000) 019 
Hal «2 198} 219 
Do | ae 424| 448 
Do | 683] 711 
Ro ae 981|*013 
2H 3 323] 360 
Bi}: a 717| 760 
2G 4 171} 220 
Bi ae 694] 751 
2.9 5 299] 365 
*3.0 6 000) 076 
Oh Sa le ona 813] 901 
0 7 757| 859 
3.3 8 855| 975 
3.4 10 136] 275 
3.5 11 632) 795 
3.6 13 381) 572 
Bau 15 431) 655 
3.8 10 X 1|784} 810 
3.9 10 X 2/067} 098 


*051 


*046 


*196 
767 
057 
262 
498 
768 

*079 


ll 


*001|* 
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The equations show that for a given value of p the function Ile, p) approaches a 
limiting value as k approaches infinity with a finite limiting value. Inasmuch as 
IIc «©, p) is dependent only on p, we may call it II) and Eq. (942) shows that 


[Lorn = + DIT) 


and if p is an integer, I]@) is the faculty of p. 
We have then 


~ 


1/3)! for p an integer | 
II@) =. p g (943) 
IIe) =T(p + 1) for any case 
is Gaming 
function of 
uler 
Formula (941) can be used for proving that 
T(p + 1) = pl'(e) = pb! (944) 
We have according to (940) for p = 1 
rl) = if ° eaze-l dz = , Ties demi (945) 


Using (941) we find for '(p + 1) = P(2), T(8), T(4), ..., 


T(2) = Te +1) = pl(p) = 171) = 1! 
formula (941) 

T(3) =T(p +: 1) = 27(2) = 1X2 =2 

Tide ip + 1) =ais) = 1 X2X 33 

r(5) =e +1) =47(4) =1X2X3xX4=4! |} Note: T(2) =T) =1 (946) 


T(o) = (oe — IIe — 1) = (oe — 1)! 
T'(op + 1) = pI(e) = op! 


proving (944) and showing how to compute I'(p) for all positive integer values of p — 


such as p = 1, 2, 3, 4, 5,- +--+. For negative values of p in I'(p) we use recursion 
formula (941) together with T(0) = ». Hence, for p = —1 and p = —2, ete., we | 
obtain 
Tip +1 r(-1 1 TO 
Tif) = as NY a ae 
p | —i 
r(-2 +1 r(—1 
(2) = tye ) _. (aa 
'y: 22 
T(—38 + 1) r(—2 
T(-—8) = T(p) = \ 3 — = =— 0." oes 
r(— 1 
r(—p) = T() - {a 
=?) 


for p an integer. In the same way, we can compute values that are not integers and 
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like p = —0.5, —0.7, —0.9, - - - , since 
-T(-0.5) = L(o) = wet i “tet bie eo, 
T(—0.7 + 1 T(0.3 
and we can reduce such computations between p = 0 and p = —1 to values that are 


positive integers. For such fractional values of p, we find from (944), for instance, 
ror p = 0.5 


p! =T(e +1) = 1(1.5) = +0.5); T(e + 1) = 10.5) = —0.5! 
We then use (940) and find, for instance, for p = 1.5 


(eo) e— i € *2) 55! dz = ie PAE SS in eg? dx 


for 2 =z. This expression can be changed to a double integral and by means of a 
transformation into polar coordinates into another double integral, which can be 
evaluated and yields T'(1.5) = ~/3.14/2 = 0.89, the exact value being T(1.5) = 
0.8862 of Table 91 where we must look under argument x = 1.5 — 1.0 = 0.5, since 
this table is arranged for T(z + 1). Then the above procedure also gives us I'(0.5) 
as 4/3.14 = 1.772, which result according to p! = I'(p + 1) would also be equal to 
(—0.5)! 

When using Table 91 we need not carry on the double-integration transformation 
into polar coordinates to find, for instance, the above result I'(0.5) = 1.772. We 
then have 
1(0.5) = T@ +1) =1T(—0.5 + 1) 


Inasmuch as Table 91 is not extended to —z values so that we can read for arguments 
(—0.5) the T(z + 1) = r'(—0.5 + 1) value, we first use (944) for p = -++0.5 and find 


_Te +t) _ 1(+05 + 1) 


10.5) = T(e) F 105 


= 2T(1.5) 


and. 
2V(1.5) = 21(@ + 1) = 270.5 + 1) 


We arrive, therefore, at a positive value for z, namely, x = 0.5, which in Table 91 
yields 20(@ + 1) = 2 X 0.8862 = 1.7724 = 10.5). This checks the result obtained 
by the double-integral evaluation. 
From this computation we note that for values of p between 0 and 1 we have to 
compute I'(p) from 
Tp) = T(1 + p) 
p 
and then find the values in Table 92. Figure 389 gives the corresponding Gamma 
curves confirming the results of (935) and (936) that T(1) = 1 as well as T(2) = 1. 
Hence, at some point between p = 1 and p = 2, say at about 1.5, the lowest value for 
T(p) must occur. We note that for (0) an infinite value occurs. 


1260 SHORT-WAVE RADIATION PHENOMENA 


D scale, T(p)—> 


C scale ,T (9) > 


wo OF —) Co «o 


0 0 
A scale O 0.5 1.0 15 20 EEes5 3.0 » 95.55 COR Gy 4.5) Ceo 
Bscale 0. O01: 02503 04 05 06 07 08 09 10 Lied? 13 (4 
—> Argument p 


Fie. 389. Gamma curves I'(p) for p = 0 to p = 4.9. Note: By means of I'(p + 1) 
pl'(p) = p(p — 1)(p — 2) .. . (0 —7r)T(p — 1), we find the reduction of IT (4.65) 


3.651(3.65) = 3.65 X 2.651(2.65) = 3.65 & 2.65 x 1.65T(1.65). But (1.65) = 0.9001, | 
and 1'(4.65) = 3.65 X 2.65 1.65 x 0.9001 = 14.3665. Itisalso (4.65) = 3.65 X 2.65 | 


x 1.65 X 0.651'(0.65) = 3.65 X 2.65 X 1.65 X 0.65 X 1.385 = 14.366. 


The values of the second Euler integral given by (940) and known as the Gamma 
function are sometimes given by the log P'(p) + 10, and as far as positive values are 


concerned, only values between p = 1 and p = 2 are needed, since formula (941) gives _ 


a means for reducing a large argument to a smaller argument. This is done by 


T(p + 1) = pT (6) = p(p — 1) - - + (09 —r)T(p — 1) 
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TABLE 92* 
EIS he Rn a eg 1 =) a as TED 
ih(@) = T(p) = 
p i, seo |) EGE 5 79) |) Ge 73) p se |) GL SS yy) eel S73) 
Pp p 
0.00 1.00 1.0000 we) 0.50 1.50 0.8862 1.7724 
0.02 1.02 0.9888 49.5 0.52 1.52 0.887 e202 
0.04 1.04 0.9784 24.4 0.54 1.54 0.8882 1.64 
0.06 1.06 0.9687 16.2 0.56 il 8 0.8896 1.59 
0.08 1.08 0.9597 12.0 0.58 1.58 0.8914 1.5388 
0.10 LELO: 0.9514 9.51 0.60 1.60 0.89385 1.49 
0.12 112 0.9486 7.87 0.62 62 0.8959 1.445 
0.14 1.14 0.9364 6.68 0.64 1.64 0.8986 1.405 
0.16 elo 0.9298 5.8 0.66 1.66 0.9017 1.365 
0.18 HLS 0.9237 5.12 0.68 1.68 0.905 1.33 
0.20 E20): 0.9182 4.575 0.70 0) 0.9086 1.295 
0.22 1.22 0.9131 4.15 0.72 hate 0.9126 1.265 
0.24 1.24 0.9085 3.79 0.74 1.74 0.9168 1.24 
0.26 126 0.9044 3.475 0.76 1.76 0.9214 i Pal 
0.28 1.28 0.9007 3.2 0.78 1.78 0.9262 1.19 
0.30 1.30 0.8975 2.99 0.80 1.80 0.9314 1.16 
0.32 1.32 0.8946 2.79 0.82 1.82 0.9368 1.14 
0.34 1.34 0.8922 2.61 0.84 1.84 0.9426 23 
0.36 1.36 0.8902 2.465 0.86 1.86 0.9487 Wot 
0.38 1.38 0.8885 1 2.33 0.88 1.88 0.9551 1.085 
0.40 1.40 0.8873 2.21 0.90 1.90 0.9618 1.07 
0.42 1.42 0.8864 2.105 0.92 1.92 0.9688 1.05 
0.44 1.44 0.8858 2.01 0.94 1.94 0.9761 1.035 
0.46 1.46 0.8856 1.92 0.96 1.96 0.9837 1.025 
0.48 1.48 0.8857 1.84 0.98 1.98 0.9917 1.01 


* Computed from Table 95. 
Remarks: Formula (941) 


Ge) 
p 


T'(p) = T(e +1) = Iz) 


T(p) is the Gamma function, I(x + 1) is the Euler Gamma function, and J] (x) is the Gauss function. 


1+ pis the p value of Table 92. Hence, for (1 + p) = 1.5 in this table we find under 1.5 in Table 92 
the Gamma value 0.8862 which is the same as the P(1 + p) value of this table. 


The Gamma function can also be used for evaluating an integral of the form 


1 
cos* 2 dx = = — Se (947) 
2 3 GO a 24 
0 
2 
In some computations, for instance, generally almost any fractional argument x 


for Bessel coefficients of positive and negative nonintegers n in J,(x) functions of the 
first kind may occur. This requires the use of Gamma functions that have not only 
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a positive argument p in T'(p) but also a negative argument. Table 93 then gives the 
computations for such arguments. The method employed uses again formula (941), 
which, for consecutive reductions of the argument, reads when applied to numerical 
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Fig. 390. IT (Gamma) curve. Several '(p) curve branches for p <0. [Note: for nega- 
tive integer arguments p we have '(—1) = | o,T(—2) = to, T(—-3) = $0, 1-4) = 
to, T(—5) =F, ... ] Single '(p) curve branch for p > 0 starts with T(0) = +0, 
decreases rapidly over T'(1) = 1 toa minimum value T(1.5) = 0.8862, ascends over (2) =1_ 
to T(3) =2 =1 X 2 X 2!, to T(4) = 3! =1 xX2X3 =6,tol(5) =4!=1x2 x3 | 
4 — 124,40 1(6) 15a. . TG) = (n — 1)! | 


cases such as p = (—0.6), (—1.6), (—2.6), (—3.6), (—4.6) 
T(e+1) T(—0.6 +1) ~ PW4) 22.28 


re e-8) = Ta ” =0.6.5 0.6 a Oe 

T( eed =) = 

T(—2.6 +1 T(—1.6 2.31 | 
r(—2.6) =“ a a a _ seers 
CRBC set 7” a = == = +0.2475 
T(=4.6) = ae =—0.054; 1(—5.6) = — = +0.0096; -.- 


We note that, for negative arguments p of I'(p), the I'(—p) curve breaks up into alter- 
nate negative and positive curve branches as in Fig. 390 which proceed toward minus © 
and positive infinity values for both branches, since '(—1) = ['(0)]/(—1) = /(-1) 
= — ©, P(—2) = [f(—1)]/(—2) = +0, r(—3) = — oo, etc. Table 93 can, there- 
fore, be readily computed if taken from —0.n to —1.n, —2.n, 3.n, . . . values, where © 
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OSE IS Ss CO) LAGS) MCT oe 1p es ace Od = (Qe See (I-)a 
me 685s SS Tes weet. . grt = wt pag... Es | = 8 dog y 


1Z100°0 
MOLES: Ba! ae 
TZ10°0+ 2010'0+ ¢g600°0+ 9600°0—| soto'o+ 2810°0+ 1610°0+ FIgO'O+ 81Z0°0+ (wp) 
6°S— 8'g— Lg- 9°9— gg— ro— e¢o- oo- T¢- wg=ad 
9600 0— UF 
sp (ug) 
S001‘ 0— 8190'0— eg¢0'0- G1¥Z0+] g6so'0— >L0'0— 10l'0— S91 o— 998° 0— = (WP)I = I 
6 F— De ae Li 9° F— G'h— acer SF (ae ao l'F- up=d 
SLPS O-+ be = ie wg 
ee (wWZ)I 
e6F° 0+ 263°0+ TSg°0+ 68°0—| 892°0+ Sze°O+ 9er' O+ ¢s9°0+ GI+ = (WE)I = (I 
6°e— 8'e— eee 9°e— o'g— ys— e'e- oe— T°e- wg=d 
68°0— ie | hie ae ies are 2 
ey BY one at 
66° T— celt— €6°0- 1@3+| Zr6°0— SOL T— PR I- 61° 3 99°F (’T)d 
6¢°S+ St-e+: 1¢°g+ Te°+ 9g°o+ ¢9°s+ Te°e+ 8° F+ GL°6+ (WT) 
6 3— 8 o- Loe 9°3- G3 bo a ioe o3- l'o- we=d 
: ieargs : uy 
alos (wO)I 
6g°¢+ 8t'e+ 1g°o+ Ler 98° G+ eo°ot+ Te°e+ 28° F+ SL°6+ = (“TI = Mag 
9°0I- 1Z°¢- 93°F Le- bre e— StL e¢— er 8g— 2°01- (w0)1 
61I- 8I- LI- oie Gob El eee eI- oI TI wtad 
oie pee ing ha |, 9 0 ea Oe FOS a pei ope is L0I-= ws a = (9)I 
1g°6 GLS'F 66% Leia CLL 6F'T C631 9T'T L0°T+ (T+ %)I 
196 = (T°O)d |G2¢°% = (2'0).1| 66°% = (€'0)d [13's = (FO)AIZLLT = G'0)al OF = (9°0)J |S62°L = (2'0)a/9T'T = (8'°0)d| LOT = (6-0) (T+ %)f 
6'0— wo=ad 
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n is the decimal figure like 6 in —0.6; —1.6; —2.6; —38.6, ete. A slide-rule setting 
for the answer I'(—0.n) can be used for computing the T'(1.n) value by just dividing 
this setting, namely, T'(0.n), by 1.n. This is self-evident by merely inspecting Table 
93. Figure 390 gives not only the results of this table but also the outcome of Tables 
91 and 92. We note that the I'(p) branches taper down to smaller and smaller mini- 


mum values for negative argument ranges p = —0.1 to —0.9, —1.1 to —1.9, —21 
to —2.9, —3.1to —3.9, —4.1to —4.9, —5.1to —5.9, ete. For the last of such ranges 
shown in Fig. 390, namely, range p = —5.1 to —5.9, the Gamma minimum is already 
very small, while toward p = —5 and p = —6 values it climbs very rapidly toward 


infinite values. This characteristic of the function I'(p) should be borne in mind 
when such functions are used in practical applications. The rapid increase toward 
infinite values can only be indicated on a curve sheet, but by means of the procedure 
brought out in detail in Table 93 we can always quickly compute the exact magnitude 
of such large values as, for instance, occur near negative integers. 

Inasmuch as the Gamma function is defined by 


ie CO! hp =a Ine) 
we have by parts 
if eta" dz = —e*a" + 0 i! ae Oe 


Putting these between the limits, it is easy to prove that —e-*2" vanishes when x = 0 
and x = o, and we find 
if AHO le)  7) i, $4 Ce pms he 
0 0 


Tin +1) = n(n) =1-2-3-4----n=n! 


where n! has a meaning only when n is an integer, while I'(n) is a function of any 
value of n. Many useful definite integrals can be solved by means of the Gamma 
function, as, for instance, 


hon dam * 

; 1 = 1 

sin” @d@ = cos” 6d6 ==+/rT Bas +T a 
0 0 2 2 2 


1 amt 
Loti ee x dz < NOE 
(+ a)"*2 Gn +7) 


or 


oo 1 n 
te o 1 T(n + 1) 
xe dx = a~ "DT (nm + 1); ™ loge\—] da = ——__. 
I, , if fe, (:) m+ 1H 


if e* dz $i 1 7 1 
0 2av/z 2a \2 
1 
. z/@)I-1(] — zg)m-1 gz = 7 es; T'(m) + 2T Le ;: 
2 2 : 2 ; 

Lin r Dstt r q+1 

2 
— 


sin? 6 cos? 6d@ = 


APPENDIX 1265 


242. Notes on Si x and Cix Functions. These are sine and cosine integral func- 


tions defined by : 
m Gos zx 
nL ge = i eer 3 du and Cicr— i cael du 
0 U ) U 


They are given by means of curves and tables in Fig. 147 as well as in another pub- 
lication.t The most extended table for arguments x = 10 to 100 is in Table of Sine and 
Cosine Integrals of the Federal Works Agency Work Projects Administration under the 
sponsorship of the National Bureau of Standards. Thecurves of Fig. 147show that for 
increasing values of «, the Si x curve oscillates about the 147 value into such a value, 
while for the Ci x curve the zero value is approached with increasing argument x and 
Cizstarts with — «©. The consecutive zero values occur for Ci x for x 0.62, 3.4, 6.4, 
9.4, 12.64, 15.77. Maximum positive and negative fluctuations about the Ciz = 
0 value occur for = 0.57 = 1.57 with Ci 1.57 = +0.472, x = 1.5 with Ci 1l.br = 
—0.19841 with other consecutive arguments # = 2.57, 3.57, 4.57, 5.57, ... , and 
values Ci 2.57 = +0.12377, Ci 3.5% = —0.089564, Ci 4.5% = +0.070065, Ci 5.507 = 
—0.057501, Ci 6:5% = +0.048742, Ci 7.57 = —0.042292, Ci 8.54 = +0.037345, 
For the Si x function, the fluctuation is about the 0.57 value, and for x = 1; 2z, 37, 
4x, 5x, Or, Tr, . . . , with +0.28114, —0.15264, +0.10396, —0.078635, +0.063168, 
—0.052762, +0.045289, . . . , swings about the value Si 1.57. 

243. Notes on Bessel Functions.2, We have, for the arguments x sin 6 in sine 
and cosine functions, the relations 


cos (x sin @) = Jo(x) + 2[J2(x) cos (26) + Ja(x) cos (40) + - + + ] 
sin (“sin 8) = 2[Ji(x) sin @ + J3(x) sin (36) + Js(x) sin (50) + -- - ] f 


For the Bessel coefficient t” of argument x and order n, we have 


(948) 


n=0o 


0. rfr m{-m 
2, i"Jn(x) = €0-5a(t-I/t) — doe ( a » ea acs - (949) 
= 


where the right side is the generating function of the Bessel coefficients. To obtain 
Bessel coefficients of negative order, we have 


n= 2 
Ton(a) =(-1Jale); Sb-Cl = Sola) + Yt + (—1)*Walz) (950) 
n=1 
For r = +m and 7 a positive integer or zero, we find 


m= on 


J ic (—1)™(0.5a)" +2 #: x 1 2 
a(z) = mi(n +m)! 2"! 2?-1(n + 1) 
m=0 F 
z | 951 
om iin tae wee 
2 4 6 
he) = + --- (952) 


92 22.42 22. 42. 62 


1Hunp, A., “Frequency Modulation,” MeGraw-Hill Book Company, Inc., New 
York, 1942; see also Jahnke and Emde in following footnote. 

2 Extended tables and curves are given in EK, Jahnke and F. Emde ‘‘Tables of 
Functions,’ Dover Publications, Inc., New York, 1945. N.W. McLachlan, ‘“ Bessel 
Functions tor Engineers,” Oxford University Press, New York, 1934; A. Hund, op. cit. 
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For z real or complex, we find 


m=o m= eo 


: l0.52|2" —_ |0.5ar)» \0.52|2m 
\Jn(x)| S |0.52| SS nem = rs » nine (953) 
= m=0 


Jn-i(a) = Jn41(@) = = aa): Jae) ee Jets) = QJ; (x); 


0.52[Jn—1(%) + Jn4i(x)] = nJn(a) (954) 


dl J ; 
Ji(x) = —Ji(x) where ate SHC) (955) 
, 
2r ate = » ab). Cd a raom (BO) where ;C’, is a binomial coefficient (956) 
. ar 
m=0 

1 Qa 1 T 
J,@) == cos (ng — xsin ¢) dg = — [ei(ne—a sin?) 4 —~i(ne—zsin »)] dy 

2a 2r Jo 


0 
ey) F Ue Se : : 
=- / cos (ny) cos (a sin vg) dg + — / sin (ng) sin (a sin g) dg (957) 
wr /O Tey 
eee Sih il = 
Jo(/ 2? — 47) = | e& 5% cos (x sin v) dg; 
T/0 


Me 1 os 
J (27 \/ 2) = / e(ltz)e0s 9 eos [(1 — x) sin ¢] dg (958) 
wr JO : 


ctivsine = Jo(z) + y (+1)"eine + (—1)me-ine]J,(2) 
n=1 
n= 20 n= 0 
= Jo(z) +2 » Jon(x) cos (2ng) + 72 y Jon4i(x) sin [(2n + 1)g] (959) 
n=1 n=0 
m= 0 
Jule ty = Y  Inlt)Tn-m(y) (960) 
m=— 0 
when v is also unrestricted like x, i.e., n has no longer to be an integer, we find 
m= 0 
(en)” q : (=1)"(¢2)"148 
UGA) = we f cos (x cos ¢g) sin (2ng) de = y malt +m See 


(961) 


We have also the relations 


a cos (ny) cos (x sin ¢) de = J, (x) for n even or zero; = 0 for n odd (962) 


—— 


D k 
ik p = ker(1 +9") Jn(a) is single formula for odd and even values of n (963) 
a 


ie q = ker(1 — j)Jn(z) for odd and even values and 


q = sin (ng) sin (2 sin g) dy (964) 


APPENDIX 
Adding (963) and (964) yields, for n zero or any positive integer, 


Ie cos (ng — x sin ¢) dg = mJ n(z) 


Moreover, 
cos = Jo(x) — 2Jo(x) + Qa(z) — ++ - 
sin « = 2J,(%) — 2J3(x) + 2J5(27) — --- 


The modified Bessel function of the first kind is 


In(@) = JJ n(J2) 
and we have the formulas 
cosh « = Io(x) + 272(x) + 204(x) + ++ - 
sinh « = 2/;(x) + 2/73(x) + 27;(2) + --- 
z cos £ = 2[Ji(x) — 3°J3(xz) + 52 5(z) — --- ] 
cosh (x sin ¢) = Io(x%) — 21 2(x) cos (2¢) + 214(x) cos (4¢) — -- > 
sinh (# sin ¢). = 2J;(x) sin ¢ — 273(zx) sin (8¢) + 2/;(x) sin (59) — -- - 
cosh (x cos g) = Io(x) + 272(x) cos (2e) + 214(x) cos (4¢) + - - 
sinh (% cos g) = 21:(a) cos ¢ + 213(x) cos (8g) + 27;(x) cos (5~) + +: - 
cosh (% cosh ¢) = Jo(x) — 2Je(x) cosh (2¢) + 2J4(x) cosh (4¢) — - - + 


sinh (x cosh ¢) = 2/1(x) cosh ¢ 
+ 2I3(x) cosh (8¢) + 2/5(x) cosh (5y) + -: - 


We have also 
/ cos [r cos (g + 0)] de = Jo(r) 
0 


i <i 008 cos (y sin g) de = Jo(\/ 22 + 2) 
0 


ac) = — [ 7008 9 cos (ng) de 


i} 


e*pasine = To(pg) + 2 » (—1)"Ion(pq) cos (2ng) 


n=1 
i} 


+2 » (=1)"2on41(pq) sin (2n+1)¢ 


n=0 


eo 


etpacos? = To(pq) + 2 » T,(+pq) cos (neg) 


n=1 


i) 


cipcre = Jo(p) +2 > Pr cos (ng) 


n=1 
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(965) 


(966) 


(967) 


(968) 


244, Notes on Scalar and Vector Relations in Cartesian, Cylindrical, and Spherical 
Coordinates. In Cartesian coordinates x, y, 2 meters, a space point P is a distance 
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r= / x? + y? + 2? meters from the origin of the XYZ system and an elementary 


length is dl = a/ dx? + dy? + dz?. A volume element at P is dr = dx dy dz with 
elementary surfaces dy dz, dzdx, and dxdy. In cylindrical coordinates 7, yg, 2, we 


have r = a/ x? +y?; « =rcos¢, y =rsin ¢ meters. Hence, ¢ is the angle, in 
circular radians, that r makes with the +X direction when in planes parallel with the 


XY plane. We have the elementary length di = +/ (dr)? + (r dg)? + (dz)?. At P 
we have the volume element dr = r dr d¢ dz, since dr, r dg, and dz are the components 
along the characteristic r, y, and z directions. Normal to the r coordinate, we have 
the elementary area r dg dz; normal to the ¢ direction, we have the area dr dz; and 
normal to z, we have r dr dg, all areas being expressed in square meters, even though 


infinitesimal. In spherical r, v, 6 coordinates, we have r = ~/ a? + y? + 2? meters 
as the distance of P from the origin in any space direction, for the Laplace transforma- 
tions = 7 sin 6 cos ¢, y = 7 sin # sin g, and zg = r cos 9, since @ is the angle that r 
makes with the +Z axis and ¢ is the angle that the projection of the resultant r into 
the XY plane makes with the +X axis. The resultant line element is given by 


dl. = / (dr)? + (r do)? + (r sin @dg)?, since the components are now along the 7, 
g, and @ directions and are dr, r dé, and r sin @ dg, respectively. The elementary 
volume at any space point P is dr = r?drdgsin 6dé. At any point P(r, ¢, 6), we 
have normal to the r coordinate the elementary area r? sin 6 dg dé, normal to the ¢ 
coordinate an area rdrdé, and normal to the @ coordinate the elementary area 
r sin 6 dr dg. 

There are several ways of expressing scalar functions and vectors. Thus J. A. 
Stratton expresses scalar functions by Greek letters and uses Roman letters for vec- 
tors. The nomenclature used in this text, with a dot below the letter, is employed for 
convenience, so that we can omit the dot below as long as it is understood that we deal 
with a quantity which has magnitude as well as direction. The magnitude of a quan- 
tity refers then to the maximum value. Throughout the text H and & are used for 
the sake of simplicity and the solution always shows whether we deal with any 
instantaneous value, a vector, or a maximum value, for H and &. 

For two vectors A and B (electrical and magnetic field vectors are examples) of 
magnitudes A and B, which make an angle y with each other, we have 


ee) 
AXB 


AB cos w scalar or dot product (- product 
p (-p ) (969) 


vAB sin y vector or cross product (X product), vy unit vector if 


The dot below is usually omitted for the sake of simplification in this book. .The first 
product with the vector B turned into the A direction is a scalar, since B cos yw is the 
projection of B on A or of A on B. Therefore, we have inphase condition. If A 
were a voltage # and B a current J, the scalar HJ cos y would be the power in watts, 
just as for A = & volts per meter and B = H amperes per meter we have §&:H = 
&H cos y watts per square meter for a wave propagation normal to the plane that & 
makes with H. Since A = fA? + Af + A? and B = +/ B? + Bi, + B?, for unity 
vectors 7, j, and k along the Cartesian X, Y, and Z directions, we have the relations 
A=%tA,+jA,+kA, and B =iB, + 7B,+kB,. Since tk = |zk| cos 90° = 0 if 
|tk| denotes the absolute amount of the product, we have 


tA,jA, = jA,kA, = kAiA, =0 


and the same way for B in place of .A or any other vector, since any two unit vectors 
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are perpendicular to each other. Hence, 
4-B=A,B, + A,B, + A.B, = AB cos 6 = B- 


It is an operation as in algebra, since we can multiply A by B or Bby A with the same 
scalar result. However, for the cross product we have A X B = —B X A and in each 
case a new vector as the result. This vector (or cross product) is then a vector in 
either the positive or the negative direction normal to the plane in which A and B 
are located. For this reason the vector product with an absolute value of AB sin 6 
is also to be multiplied by a unit vector ». Due to the vector property and the 
perpendicular direction, we now have 


@¢Xjgek=-jXt; jXk=i=—-k XJ; kXi=j=-itXk (970) 


since the remaining unit vector, which does not enter the cross product, is always 
normal to the vectors that are multiplied and in the direction that a right-hand 
screw would move. The polarity of the resultant vector is found by using the alpha- 
betical order x, y, z and 7, j, k, making then, for instance, iA, xX jBy, = kAzB, a 
positive quantity, since the alphabetical order applies. But for the cross product 
jA, X 1Bz, both y and z and j and ¢ are in the reverse alphabetical order, and we find 
the new vector, which represents the cross product equal to —kA,B,. We have, 
therefore, 


{ iA, XjBy = +kA.B, } | jAy X kB. = +1A,B, } 
JA, X41B, = —kAL BOM kA, XjBy = —iA,B, re 
kA: X 1B, = +jA,Bz 
tAx x kB, = —jA,B; ) 
Hence, 
tA, X jB, + jA, — 1B; = k(A,B, — A,Bz) 
(AXB):z 
jAy X kB. + kA. X jB, = i(A,B, — A,By) 
kA, X iB, + 1A, X kB, =j(A,B, — AzB;) 
(AXB)y 


AXB=(4 XB). + (A X By + (A XB), 
= 1(A,B, — A-B,) + j(AzBz — AzB,) + k(A,B, — A,B;) 


A gradient is the partial derivative of a space function @ along a desired direction, 
and a maximum gradient occurs when taken normal to level surfaces. For the point 
function # in space, even though a scalar quantity, the gradient along a certain direc- 
tion is a vector, and the resultant gradient is grad @ = (9@/dn)vn, where n means the 
normal direction to the level surface and », is a unit vector along this direction. We 
have then 


z ab \" ab\" ae a® 
ae”) a) + { — Ses oe cond in. cone (9738) 
on Ox oy 0z Ox Oy Oz 


where a, 8, and y are the angles that the normal direction n makes with the X, Me 
and Z directions. 


A line integral of a vector A is defined by fi A dl if | denotes the length in meters 
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over the curve it is to be taken. This length may be a closed path, and the line 
integral is then written as f, A dl and known as a circulation, which, when referred 


to a vanishingly small closed contour and taken per unit area, is the rotation of 
vector A or curl A. It is then a vector normal to the plane of the closed path J. 
Integrals of this type where we use, for instance, A = H or A = &; respectively, 
express the magnetomotive force gH dl amperes or the electromotive force $6 dl 
volts, respectively. Both the gradient of a space location function @ and the curl 
of a vector A have components, because in either case we deal with vectors, even 
though may bea scalar quantity. We find then 


Ob o® a® 
grad, @ = Pe grad, ® = ae grad, 6 = BS 
dA, OA 
curl, (A = 
oy Oz 
OAz OA, f 4 
curl, A = ae since in Car- 
- 4 tesian 
py Sedge, XYZq, 0 
ee ey: fy j system. 
dh. a 
1 g 1, A + curl, A + curl, A 
= =| — —| =curl, r url, 
purld Mee ox OY Oz Z 
Pees, A; 


Generally curl, A of curl A in the s direction is equal to the work done by a force A 
in the s surface per square meter for a vanishingly small surface. In cylindrical 
coordinates 7, y, and z, we have 


o® ob a® 10A OA 
grad, @ =—; gradg@ = ——; grad,@ =—; curl, A =—-—~ — —* 
or rode 0z r de 0z (975) 
OA, OA, LoGAy). | oar 
curl, A = = ; (Ul OB Me 
0z or TinoG r 0p 
In spherical r, 9, 6, we have 
O® 1 Ob 1 0b 
d, 6 = —; rad, 2) — ———_ radp ® = — —; 
ea Or? = eee sin 0:00 nn we r 00 
O(sin 0A,) dAg O(rAg) OA, 
06 fe} or 00 
curl, A = a cul A= 
r sin 6 r 
BAe, OA 
r — sin 6 ora) 
z 
curly A = —————____ aan 
rsin 0 


where, for instance, curl, A = rot, A is the work done around an elementary area 
located at a space point P(r, yg, @) and normal to the r direction divided by the infin- 
itesimal area. The orthogonal sides are r dé, r dgsin @. The portion [d(sin 9Ag)]/00 
is the rate of change in the @ direction of the absolute amount A, and the portion 
dA/d¢ is the rate of change along the ¢ coordinate. In a similar way, the partial 


APPENDIX 1271 


differentiations of argument rA, with respect to r and A, with respect to @ are the 
respective rates of change in the r and 6 directions for the elementary area normal to 
the ¢ direction. The elementary area is then made up of pairs of orthogonal sides 
dr and r dé, causing an area of r dr d6, expressed in Square meters. For the curl, A, 
the sides are dr and r sin 6 dg with r sin 6 dr dé for the elementary area. 

The divergence of a vector is a scalar and written as 


A 
divA=Vv-A= + + Cartesian 
Zz 


1 8(rA,)> 01 0A, OA 
_ 1 ards) | 1 dy 


ée =v-A indrical 
ivwA=V se ioe es: cylindrica (977) 
1 O(r?A, 1 (Ag sin 6 OA 
divA=v-A =— (r*Ar) + — Eee + “| spherical 
rr r sin 0 a6 dg J 
We also have 
curl A =v X A; divA=V-A (978) 
and the relation 
VX (Vv X A) =V(V-: A) — V2A4 (979) 


for any vector. The operator V is usually given as 
fe) 0 0 
V =t—+j—4+k-— 
Ox T5 oy * 0z 


denoting a directional derivative. When V operates on a scalar point function 
@(z, y, 2), it produces 


fei) o® 


as ead ap) 
=.4— —s — 
Ox I ay 0z 


which is a vector point function. It has at every point the direction of greatest rate 
of increase of the scalar function with a magnitude that is a measure of the rate of 
increase. The directional derivative of a scalar is then nv = 06/an where n is the 
external normal unit. This vector operator can also be written as 


1 
v= iim(? f f nas) 
7 ONG S 


giving for the gradient of a scalar & 


1 
V® = grad ® = lim Gf nb is) 
tT 0ENG S 


Since V operates! also on vectors, we find for a vector A 
‘ With respect to the Hamiltonian nabla V, the V2, and the del operator A, we have 
for any function ®(z,y,z,) the expression for nabla phi 
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70 


1 
v:A = lim € / / nA is) = div A expresses a strength of a source 
T S 


and for the cross product 


exsatio(! f finxsas)=cma  Qeeegs Hemet ™ ago 
m0 \T S 
The operator V? refers then to another differentiation, for instance, 
o? 0? oe? 
v= eee = 9 ay sp lk on 
as occurs in the well-known Poisson equation V2V = —p/ko for the scalar potential V 


in volts, the volume density p in coulombs per cubic meter, and the dielectric constant 
of air x & ko = 8.854 X 1072 farad/m. When no charges are present, we have the 
Laplace equation y2V = 0. The corresponding relations with the magnetic vector 
potential A are V2A = —yo/ for the Poisson and V?A = 0 for the Laplace relation, 
with po = 1.257 X 10-§ henry/m and J the current density in amperes per square 
meter, associated with a unit volume. The curl of a vector A is, according to the 


above, 
J f,v x 4a 
Ya) SA A eee 
Ci 


for r cubic meters enclosed by the surface of S square meters. An'application to the 


curl A =v X A = lim 


70 


(981) 


since the directional derivative 0/01 in any direction of J has components 0&/d@z, 
db/dy, d&/dz expressed by 


d® obdxr | ob dy O® dz 
dl oadl  oydl  odzdl 


(okey tok Od 
— cos (l,z) + — cos (l,y) + — cos (2) 
Ox oy 0z 


If V is operating on a scalar point function, it must cause a vector point function at 
all points with a direction of greatest rate of increase of the scalar function. In 
orthogonal curvilinear coordinates (Fig. 27), we have 


V*b = 


1 a hooks 8 | 0 kiks 0® | 8 kiks =) 


kiksk; \Oa ky da | b ky Ob dc kg dc 
For the Murphy operator A, we have 


A® = V*h = div grad & 


AA = VA = grad div A = — curl curl A 
. OAm p 
V*é + div —- = — e 
ot Ko 


: — 07 Am 
V?Am — grad div Am = uo (<a + xo grad ® + ko as ) 
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general medium, with all three properties y, «, and o effective, yields 


OB O(uwf) 
curl § = — — = — 
ot at 


O(k8) 
ot 


aD 
; CunleHa e sp oh + 6& (982) 


For a perfect dielectric wave medium (¢ = 0), we have 


VX (VX 8) = —n ede) = uk ae 
at at?’ 
VC x He ee Ma 
ot ot? 


For solenoidal conditions, 7.e., div § =V-§ =OanddivH =v-H = 0, we have 


mee RIE G3 Oey ate. Foes trae aH on 
da2* ay? * age ayn? 0x? " ay? " a22 og 


For a scalar point function 6, we have the vector A = grad %, and 


Orb Orb Ob 


div A = div (grad ©) = V- grad ® = V6 = ae aye ar (985) 
For two vectors A and B, we have the important identity 
div (A X B) = B-curl A — A-curl B (986) 


Applying this to the electric and magnetic H vectors of an electromagnetic wave, 
we find 


0B aD 
fliva(cee) = HW curlié — 6 curly se 
ot ot 
O(wH 2 2 
| HED, 8) | _ 1 alutt? + 082) 
at ot 2 ot 
a relation that is much used in this text. We have also 
curl (curl A) = grad (div A) — y2A (987) 


which can also be written as 
VXV XA =Vwed— v2A 


since div A is identical with V - A and the gradient of v - AisVV-A. Applying this 
to electromagnetic fields yields 
a{curl (uH)] 


grad div § — y26 + — cae 0 (988) 


for a scalar potential of V volts and a magnetic vector potential of A volt -sec/m, 
we find 


OA 
E(volts/m) = — grad V — ai Hmp/m) = curl A (989) 
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This relation is likewise very important and applied in this text. This relation must 
likewise be used when transit time effect in a vacuum tube plays a part. For an iso- 
tropic wave medium of ¢ mhos per meter, » henrys per meter, and « farads per meter, 
for which div A + ounV + px OV /dt is fixed, we find 


‘ 


OA 07a oVv 07V 
2A —om— — pe— =0; V2V —on— — ue = 990 
i cao at? bikin tee et 
which compared with 
0g oH 0H 
28 — op — = 0; VW*H — op — =0 991 
Vig. op Ob hae cakes oe 
shows that the wave equation 
0 0? 
oe Lene (ong 


is applicable. The wave equation plays a great part in diffraction problems, such as 
utilized in connection with wave-front radiators. Moreover, we have the identities 
div (®@A) = @-divA+A-grad$; curl (6A) = @-curl A — A X grad ® (993) 
For the second differential Laplace operator V?, we have v?@ = div (V®), while 
curl (V@) = 0, and 


rb Pb Ph 


Vb = — + — in Cartesian x 2 coordinates 
au2 ay? z? yas 
rs) so i lindrical 
r— in cylindrical r z 
1 ar) 1 [are ar y rae 
Vib eerie ( a [ coordinates (994) 
r or r \d¢? 02? 
OP (eke) | i= 
0 r2? — 0\ sin 6 — in - sphew 
as oe, Ory Sige as 09 cal r, 9, 0 
= ——>— | sin - — —— : 
r? sin 0 or " sin 6 dg? 00 coordinates 


Summarizing all important solutions, we find for vectors A, B, C and scalar ® 


curl (curl A) = grad (div A) — v?A; div (PA) = div A + A grad 
curl (6A) = Scurl A + A X grad 
div (A X B) = Bcurl A — A curl B 
curl (A X B) = A div B — B div A + (By)A — (Av)B 


Fundamental rules are 


(995) 


A-(BXC) =B-(AX@) =C-(A XB) 
AX(BX@)=B8-(A-C) -—C-(A-B) 
V:A=VA =divA gives absolute intensity of force 
Vv XA =curl A refers to a kinetic rotation 


VXVXA=wW:A-V-VA; div (curl A) = 0; e 
| a 


We have also the rules 


curl (®A) = curl A + Vo X A 
V(A- B) = (Ay)B + (BV)A + A X curl B+ B X curl A 


curl (V®) =0; ~— div (v@) =v*b;_— div (6A) =@div A4+A-Ve@ 
(997) 
grad 6 = Vo; div A =V-4; curl A =V XA } 
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Note. Curl of any gradient and divergence of any curl is zero; 7.e., 


curl (V@) = 0 and div (curl A) = 0 (998) 
Because d 
div (§ X H) =v-(& X H) =H-VX&-—&:-VXH 
we find for the complex Poynting vector p*, if &* is the conjugate of vector & and H* 

is the conjugate of vector H, 


p* = We X H* = lye* XH; VOX Ge = —jopl* 
VX H* = (o — jox)8* 
div p* =V-p* = 6H - jouH* — 8(0 — jaxdO* (999) 
= —Mo8- 8* +jol6(uH -H* — «8 -8*) 
since V X & = +jwuH and VX A = (o + jor) J 


Inasmuch as for any distance r = +/x? + y? + 2? meters from the origin of an XYZ 
system to a field point P(a, y, z) we have vectorially r = ix + jy + kz, we find 
V-r=38andv'Xr=0. For any area of S square meters fixed by a closed contour 
of / meters and a unity vector n normal to the surface element dS, we find 


J [ov x4-nas = 6, 4a; [ [pu xveds =o, 0a (1000) 


If the surface of S square meters encloses the volume of 7 cubic meters, we find for n 
normal to dS and outward 


[fewer ffrmas; ff fv-au= ff anas 
[[[vx4a-ffinx sas (1001) 


We have the fundamental electromagnetic applications 


O(uH O(K& 
yxs= — oe). VCH Se J V- (x8) =p; ve 0. | 
(1002) 
te) -K& 
viv Wo; VV = —"; yt = — yl | 
K 


where p is the charge density in coulombs per cubic meter, J the current density in 
amperes per square meter, and V the scalar potential in volts. 

245. Hertzian Doublet Oscillator as a Special Case of the General Wave Equation. 
Equation (358) of Sec. 51 shows that the Hertz vector satisfies the wave equation. 
The electric & and magnetic H vectors depend only upon a complex quantity U = 


i. + All according to the associated & and H fields. The ¢ field is governed by the 
vector TE and the magnetic field by the vector fie. We have, therefore, a means of 


solving a condition for which the H vector normal to a medium vanishes. This 
enables us to deal with obstacles in the electromagnetic wave path. The Hertzian 


oscillator is, in effect, an oscillating electric doublet; hence ‘ie must vanish, and the 
complex quantity U degenerates to U = + JIL leaving only the Hertzian vector II. 
The classic Hertz vector I] depends on the electric current density J, where both I] 
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and J are complex vectors. We have the fundamental relations 


eurl H = J +x«— 
where H can be represented by the curl of some 


curl & vector field all /ot 


I 
| 
| 


k div; & =p: un div H =0 


We have then pH = ux curl al] /at, —pyaH/at = —px curl 9°] | /at?, and curl § = 
—px curl a] | /ot?. But the curl appears on each side of the relation, and we may 


express & aS & = — x(a] [ /at?) + grad @, where © is an arbitrary scalar. We 


all J 


curl curl =. = Sone ES curl curl: II = § + —— 


have then also 


iva dt 


If we postulate similarly a magnetic current density J,,, which is now in volts per 
square meter instead of amperes per square meter, and a magnetic space charge pm 
concentration per cubic meter, we can write down the corresponding relations 


Og 
eurl H = «x a 
where & can be represented by the curl of some 
aml BS ea = vector field al | n/at 
ot 


x div § = 0; ee = pa’) 


We have then similarly 


a1], 
curl curl Mes = — grad (div Ti oe Z im SJm dt 
M 


a ae 


H = ~—ux grad (div Le &§ =— »w curl 


: Be | 
[]m(, », 2) = ial [[[teee— aarp 2 = (1003) 


if compared with 


¢—dorV/ ux 
We re) = ee J (Xo, Yo, * =3 Hi je (1008 


where is is in meter - amperes and I] in meter - volts in a uw, x wave medium. 


246. Notes on the Usefulness of the Equivalence Principle. This principle is 
advocated in several of the publications by S. A. Schelkunoff. It plays a useful part 
especially when dealing with wave-front radiators. It is the electromagnetic wave 
case of the Huygens-Kirchhoff wavelet explanations. We deal in the electromagnetic | 
case with an electromagnetic known field distribution over a closed surface, with a 
primary source within the enclosed space. This principle seems to be valid even for | 
apertures in such a surface, with main dimensions that compare with the operating © 
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wavelength. We use then the tangential fields in the aperture and compute from the 
respective & and H fields the corresponding electromagnetic field vectors in the radia- 
_ tion region. It can therefore also be applied to the open mouth of a wave guide by 
ignoring the normal field component. It is true that certain assumptions have to be 
made and we deal with an approximation procedure. Wemust admit, however, that 
we meet also in some of the classic theories on electromagnetism a paradox; this 
means a condition which physically cannot exist. This is brought out at places of the 
text where it belongs. What happens in the equivalence-principle case is that we 
account for discontinuities across an aperture by means of electric and magnetic 
current sheets. According to Maxwell a tangential H field discontinuity at a certain 
boundary is equal to the surface electric current density J and we may write J = 
—n X H, where nis a unit vector along the outward direction normal to the boundary. 
In our case this is normal to the aperture. We must, however, work with a magnetic 
current density also and postulate the relation Jm =n X &, where & refers also to a 
tangential & field. This J, concept we just must imagine in this procedure, since 
physically as well as according to the boundary conditions this concept is a violation. 
If we assume electric and magnetic current sheets in the primary tangential € and H 
field plane of the above-mentioned aperture, behind which is a primary radiator, 
respective current densities must be J = n X HandJm = —n X & in order to account 
for the radiated field beyond the aperture of the enclosure. We arrive now at condi- 
tions for which we have electric current densities in amperes per meter and magnetic 
current densities in volts per meter, since the infinitesimal thickness of the boundary 
changes the customary area from square meters to a linear dimension of meters. 
Just as in the preceding section for the general case Il and 1g hes we shall now deal with 
a magnetic vector potential A,, and electric vector potential A,, since in a nondissipative 
medium 

0& 


fe) 
eV Ate an ie ae xR be 


Since for nondissipative wave mediums l = a + j8 = j8, we may write the respective 
operating vector potentials A,, and A, as 


be Je-1br K J me ihr 
a —S ds It - Pig Ho i: 
12.56 / ip “ Volt sec /aiee oral oo e 


amp -sec/m (1005) 


where r meters is the distance from the symmetry point of the aperture to any field 
point in the distant true radiation region beyond the aperture. Suppose we deal with 
a rectangular opening in the screen or in the mouth plane of a guide. We choose then 
conveniently the origin of an XYZ system, such that the long side of the opening is 
along the Y axis and short side along the X axis. The origin of the coordinate system 
then coincides with the above-mentioned symmetry point (intersection of the respec- 
tive diagonals of the aperture). Any radiation field point has then the coordinates 
a, y, 2, while any point in the opening can have only zo, yo coordinates, since zo must 
be zero. In the above expressions we have r = a/. x* + y? + 2%. Assuming in the 
opening of such dimensions that we deal with a plane tangential wave front and & 
along the X axis so that H is along the Y axis and the normal to the outward direction 
along +Z, we find the distance from any wavelet point Po (xo, yo) in the aperture to an 
outside field point P(x, y, z) as m1 = r — (xa — yyo)/r meters. For this particular 


. 
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arrangement, we have then J,, = —H,, amperes per meter and Imy, = —&z» Volts 
per meter, where Zp = &2,/Hy, = Am,/Ac, ohms, because the fields that correspond to 
the current densities are in the plane of the aperture, but the vector potentials act at 
the radiation field point P(«, y, z). We find then the only operating components of 
the retarded vector potentials 


wy, i I e71Bry KE xy [= eiBry 
An, = ds; Ag = dS 1 
z as 56 S 1 s Pao 56 (LOO 


where the double integration extends only over the area of the rectangular aperture 
and respective magnetic and electric fields can be taken before the integral, since we 
deal with uniform current density distributions in the plane of the aperture. We also 
assume that we deal with the distant radiation region so that r and r; are very large 
compared with the operating wavelength and the dimensions of the aperture. We 
can then in the relations (taken from the text) for the respective field vectors 


‘ 1 _V(V + Am) 
& = —joAm ——V X Ae — j ———— 
y oh : /sec (1007) 
: i= m/sec 
F il V(V - Ae 7 
Hey x 1, — pee V ux 
PK 


neglect the last term in the & relation, because it is inversely proportional to 1/r?. 
We can then operate with the relation 


i! 


But in this relation 
O(Ae,) k O(Ae,) ; 
Ox Oz 


Vex A. = curl a 


where k and are unit vectors. The first component refers in effect to an &, component 
at P(x, y, 2), which can hardly play a part for our field orientation in the aperture. 
Therefore 


i S—O( A...) 5 1 O(Ae,) 
& = —jwAn — a and & = —jwAdn, - -——— (1008) 
KOZ KO 
But 
1 O(AJ 
Am, = Zoe, and & =- ) = JoZ he, (1009) 
kK 02 


We have now a simple differential equation for which A., can be evaluated from (1006) 
by using the expression for 71, given before. We arrive then at solution for &, in 
volts per meter, as given in the text. 

247. Additional Expressions Used in Electromagnetic Wave Problems. In the 
text it is shown that the wave equation of wave function w yields 


a EE ee 


or? r or r? sin 0 00 r? sin 6 dg? 


which can be satisfied by the factor solution 
w = 1(r) » bo(y) - &5(8) 


a 
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For electromagnetic fields in air (rigorously in a pox) wave medium), where n in the 
_ partial solutions is zero! the interpretations of elementary wave functions for plane 
waves is 

(1/1) €4te—i8r : divergent waves (1/r) cos B(wt — r) 

(1/1) efter 18r EP IC ERE convergent waves (1/r) cos B(wt + r) (10094) 
and 


forced waves (source at origin) (1/r) cos Br 
standing X cos Bet (10096) 
free waves (1/r) cos Br - cos Bet 


(1/r) cos (£r) \ 
(1/r) sin (6r) | 
For cylindrical waves we deal then with H“ (gr), H® (Br), Jn (6r), and N,(6r) func- 


tions. 
If a volume integral is extended throughout the volume 7 within a closed surface S 


we have 


OAte OA A, 
eff ( 1, Se de 2 Ya = iy [Az cos (nx) + Ay cos (ny) + A, cos (nz)]dS 
FNC OL oy Oz S 


which is generally written as 


[f [ais se | [Anas (1009¢) 


If we substitute for A the vector u,Vv we find the Green theorem 


du dv ou ov du d 
2 T aes at = 
ff uv? vd -f fu dS fees ee am By ay Ee 2) a (1009d) 


which for u = v gives 


lees | f J, RS) + (SY 4). 


(1009e) 


There exists also a symmetrical form of the Green theorem. It is found by inter- 
changing wu and v in (1009d) and subtracting respective equations. The symmetrical 


form reads 
[ff (uv2» — vv!) dr = J [(u® E ot) dS (1009f) 


where v = (1/r)e+ i6" - cit is a spherical wave function and u is equal to one of the 
complex rectangular coordinates of the electromagnetic field given by the Hertz 
vector. An application to a diffraction radiator is given in Sec. 249. 

248. Booker’s Application of the Babinet Principle to Slot Radiators and Com- 
plementary Wire Radiators.?. The well-known Babinet principle of complementary 


1SoMMERFELD, A., Jahresbericht des deutsch. math. Vereins, 21, 1913. 
* Booker, H. G., J. JHE (London), Part IIIA, 98, No. 4, 620-626, 1946. 
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optical screens is applied to resonant slot apertures cut in a thin plane of a conducting 
screen. A half-wavelength slot with an input impedance of about 485 ohms gives a 
directivity pattern similar to a customary half-wave electric dipole, but with the 
directions of vibration of electric § and magnetic H fields interchanged. As shown in 
this text, resonant slots can then be used like customary half-wave dipoles to give 
linear and broadside arrays. 

249. Green Function, Green Theorem, and Their Relation to Electromagnetic 
Diffraction. Unlike the geometric-ray theory, applied to electromagnetic waves, prob- 
lems of electromagnetic diffraction require wave optics. The concentric ring diffrac- 
tion radiator of Fig. 39la is an example.! A ring-shaped opening of respective radii 


4 th, (observation 
O 5 
y ms point} 
WY Lakh P 
OLED alg 5 \ psoreen $ 
Se] / Need ‘ 
YY a 
y \o! (image of O) 
Me (a) (L) 


Fre. 391. Ring-shaped slit aperture acts as a diffraction radiator. (a) Conducting screen 
surface in XY plane. p: and p:2 are radii of slit in XY plane. ss is area of slit. High-fre- 
quency voltage is applied across the slit gap. (b) Green function active in space above 
S-S plane. & are field values. P has coordinates (variables of integration). B = 2m/d. 


pi and p2 respectively denotes the diffraction radiator. The shaded area in the XY 
plane is a metallic screen, which for wave-front radiators must be absorptive on the 
lower face of the XY plane. The conducting shaded surface can also be the front face 
of a suitable cavity resonator, as well as the opening of a suitable guide. M. &. 
Neumann has, for instance, investigated ‘‘endo-vibrators.” In Fig. 391la a radio- 
frequency voltage Z is impressed across the ring-shaped aperture. The instantaneous 
electric field in the aperture is then as shown, while the associated H lines are con- 
centric circles (not shown). It is understood that for a completely enclosed space 
below the XY plane the reference field &0, basic in our formulas, depends on the design 
of the aperture as well as on the cavity below the XY plane and on the mode of excita- 
tion. Such a diffraction radiator has terms which are inversely proportional to the 
distance r and directly proportional to 1/r?, where, of course, only the 1/r term can act 
in the distant radiation region. Fora very large conducting metallic screen as well as 
for a limited screen with an enclosed cavity below it, inasmuch as only the aperture can — 
produce radiation above the X Y plane, we need only to integrate over the area of the — 
aperture. In the expressions given, it is assumed that the gap is sufficiently narrow. 
The Green function is given by 
eihe gr d8rt 


G= ae in the space over the conducting screen S-S of Fig. 3916 
r 


The conducting screen is in effect assumed of infinite conductivity. We have, there- 
fore, on either side of S-S no tangential electric field in effect. If an electric dipole is | 


1 PistotKors, A. A., Theory of the Circular Diffraction Antenna, Proc. IRE, 36, 
56, January, 1948; Neumann, M. §., Radiation of Electromagnetic Energy through | 


Apertures (in Russian), [zvestija Electropromyshlennosti Slabogo Toka, 6, 11, (1940). 
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parallel with the X axis, then the Hertz vector is I] = ie If such a dipole is normal 


to the XY plane, we have Il = IL. The first case applies then to a condition for 
which the dipole axis is parallel with the screen S-S, while the second case holds for 
the dipole axis perpendicular to S-S. We have, therefore, the respective relations 


at(a] |.) /(ozx)] at(a] [.) /(a2)] 
sa — fl]. + ——_—-, oe 
d for the tangential com- 
an 
ponents of § 
_ AAT) /(o2))_ _ aca.) /(o2)} 
ai 2 are ee a 


For a plane wave the exciting electric dipole is normal to the plane of wave incidence, 
which corresponds to the first case, while for the second case the electric dipole is in 
the plane of wave incidence. It seems then more convenient to use the concept of a 
magnetic dipole. Moreover, at the surface of the conducting screen S-S the tangential 
electric field must vanish and we have Le = 0 for the first case, but (al [.) /a. = 0 for 
the second case. 

The‘ Green function must vanish on the plane, where r =r’. For wo the value of 
the function on the plane and w the value of the function at point O, it can be shown! 


that 
0 
4rw = / / ea: 
8 on 


where the partial derivative is with respect to the external normal. The surface s 

to be integrated is that of the aperture, since this is the only surface in the XY plane 

where an electric field can exist. Now according to Huygens’ principle we find for 

the normal partial derivative of the Green function, according to Fig. 3916, for . 
(1/r)e~#@r = a and (1/r’)e~ibr’ = 


0G 


ab ; 
Fe grec (n, r) — ar 288 (n,r’) 
Integrating point Pin the symmetry plane of O and 0’, and r = r’ and cos (n,r) = 
—cos (n,r), yields 
0G da 


— = 2— cos (n 
an pa se) 


fe) e) 
4rw = 2 ff 0% oo (n, r) ds = =| | vo — ds 
s or on 
0 


== v 
a p ; , . Be iBr 
= —(j8/r)e~#*[1 — 1/(96r)] = —j re 7 


vanishes in 
distant 
radiation 
region 


Therefore, 


‘or 


1 Frank, P., and R. Miszs, ‘Differential und Integral Gleichungen der Mechanik 
md Physik,” Vol. II, 1936. 
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Now in Fig. 391a the conducting screen (shaded) is in the XY plane and the w. function 
can be either the &, or the 8, component of the electrical field & to be found. We can 
find the radial component by computing &z for y = 0 or &, for x = 0. If, therefore, 
&, denotes the electric field value in the XY plane, we find the radial field component 


as 
1 da —iBr 
& = — Se — 8; a == 
Qa a OF) 0z i. 


The magnetic field H is found from curl H = jex&. This gives in cylindric coordinates 
r’’, g, 2’ of the observation point O 


jox&r = — 


The integration yields 


fe) * 
Hy, = noe | de" = ape [ff cae ds dz!’ mite ff acma 
Qa 8 Oz 3 


since wx/(2r) = 2nfx/(2r) = fx. The radial field component is then given by 


; eibr 
&; = —-— (herds cos (Z, r) ds; oa 
oN s i 


for the distant radiation region, since —j@/(2r) = —j/\. Since at very great dis- 
tances the distances r from all points of the ring aperture are parallel, we may take 
the inverse distance 1/r before the integral as well as the factor.cos (z, r) and have 
for the very distant radiation region the expression 


COS (2, © 
&, aia pa! cosa in Gage abt ds 
rr aperture 


where s is the area of the ring-shaped aperture in Fig. 391a. Figure 392a shows the - 
parallel reaches r and ro for the very great distant-radiation region, and we have then 


fp=2 


Ap =!0 


fp77 


(a) (bh) 
Fie. 392. Ring-shaped diffraction slit radiator patterns. (a) Parallel ranges r and ro into } 
distant radiation region. (6) Directivities in vertical plane for different radii. 


r = 10 — pcos vsin 0 and &2) = & cos g, where & is the radial component of the elec-_ 
tric field in the gap, 7.e., in the aperture. For the potential difference Ho between 
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the edges of the gap aperture we have f&or dr = pH, since we integrate only over the 
gap aperture for which we have the elementary area ds = r dr dg. This leads to the 
final expression for &,, which for cos 6 = cos (2, r) is 


+r 
& = —[j8p(Eoe—#ro cos 0) /(2rr)] ie eBp cos ¢ sin 8 dy, 


Since 


Ji(x) -if e/® 008 COS w dw 
TaEO 


the radial component has a solution 


H 
= pee Ji(8p sin 0)e—i8 cos 6 
To 


Inasmuch as in the far-distant field region the electric field vector § of a spherical wave 
is normal to the range direction ro (Fig. 392a) and makes an angle r — 6 with 8&2, We 
have 

_ Beko 


& = —& COS ¢; & = —— Ji(6p sin 6) 
ro 


where & and pare effective values and ¢~i@r-” ig the phase. Figure 392b then shows 
the directivities in the vertical planes. In Fig. 48 the roots of the Bessel function 
Ji(x) are inscribed. They are the consecutive intersections of the dash J 1(k1, m) 
curve in the upper representation with the kn,m reference axis. We have then the root 
values 3.83, 7.02, 10.17, 13.32, 16.47, 19.62, 22.76, 25.90, 29,05, 32.19, etc. The 
corresponding radii p/A in terms of the wavelength ) are then 0.61, 1.12, LOW, PPM 
2.62, 3.12, 3.62, 4.12, 4.62, 5.12, etc., for circular diffraction antennas. For radius p 
small with respect to \ we have the approximation 


J1(8p sin 0) = 0.58p sin @ 
and 
i Bp? Hy . 
= —— sin 6 

2ro 
rendering the small circular diffraction radiator in effect equal to the grounded Hertzian 
electric doublet for which we have the current moment of the Z/ and 


GOBII 
= — 608 


volt /m 


if € and J are the effective values and J] = Bp?) /120. ; 

250. Notes on Radiation Directivities of Slots in Metal Cylinders. This subject 
has been dealt with by several investigators.! Such aperture radiators give consider- 
able control over the directivities by using arrays of slot apertures. If the formuila for 
the radiated field from a single slot is used, we can compute the horizontal pattern with 


' Jorpan, E. C., and W. E. Mii, Slotted Cylinder Antennas, Electronics, 20, 
90, February, 1947; Atrorp, A., Long Slot Antennas, Proc. Nat. Electronics Conf., 
Chicago, Ill., 143, 1946; Srvcuarr, G., The Patterns of Slotted-cylinder Antennas, 
Proc. IRE, 36, 1487, December, 1948; Rieter, H. J., Microwave Omnidirectional 
Antennas, Proc. IRE, 35, 474, May, 1947. 
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a good degree of accuracy. The slots are axial to the surface of the conducting 
cylinder. In Fig. 393 the slot aperture is parallel with the Z axis along the cylinder 


(6) 


D=2r (cylinder diameter) 
E, voltage across slot 7 
E, voltage across slot 2 


£2056, 617 


» 2=270° 


Note: unsymmetrical 
pattern caused by 
two out-of phase, 
and unequal Ariving 

OS voltages E, and E2 


Cc) 
Fig. 393. Slot aperture antenna on cylinder. (a) XY plane where p = any radius, and 
p =rat surface of cylinder. 2a angular slot width in radians. Slot width small compared — 
with wavelength A. (6b) Two axial slot apertures 1 and 2. (c) Slotsat ¢ = 0° and g = 90° — 
as in (6). 


surface (D = 2r), at ¢ = 0°. The field along the slot is taken uniform so that only 
an & component is effective, which means that at the cylinder surface 


So = Evel? for —-a <¢y<a 
while for all other places (all other ¢ values) we have & = 0. We have then 
Sy & (K/2n)|Ao + »s A, cos (ng)| 


n=1 


Awe ul ; qu ’ e 2a | 
a 771017 > LZ 9 “ar 
The patterns of Fig. 394a and b hold for a single slot in the cylindric surface with the 


axial slot direction at ¢ = 0°. The patterns of Fig. 394c and d hold for D large com- © 
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pared with the operating wavelength. The slot is likewise located at g =0°. The 
patterns of Fig. 394e and f are for two slots in the cylindric surface for D = 0.5. For 
Fig. 394e we have diametrically opposed slots fed equally and in phase, while for Fig. 


(d) (e) (f) 


Fie. 394. Axial cylinder aperture directivities. (a) and (6) Patterns for one slot at 
¢g = 0°. (c) and (d) Patterns for one slot at ¢g = 0°; cylinder has diameter large compared 
with wavelength \. (e) Pattern with two slots at extremities of diameter D = d/2 excited 
in phase and with same current. (f) Two slots but excited with antiphase equal currents. 


394f the diametrically opposed slots are fed equally in antiphase. All experimental 
patterns are due to G. Sinclair (loc. cit.). 

251. Half-wave Dipole and Folded Dipole Values. A half-wave dipole has a radia- 
tion resistance of about 75 ohms, while such a folded dipole (Fig. 144) has about 
300 ohms with some broad-band features. As far as present-day FM and TY earrier- 
frequency assignments are concerned, we have for the FM band 88 to 108 Me/sec and 
could use a folded half-wave dipole of over-all half-wave extension of 1] & 57 in. for a 
mid-band compromise, while an over-all extension of ] = 54 in. is better for the high- 
end assignments and / 60 in. favors the lower channels. Of course, a compromise 
for TV assignments is by far more difficult, since we have a lower frequency band of 
channels as well as a higher frequency band of channels, besides the fact that there is 
quite a frequency space between the lower and higher bands. This makes also the 
compromise of the reflector spacing toward the actual pickup antenna quite difficult. 
For a single-frequency operation, a spacing of one-quarter of the free-space wavelength 
Xo would be correct with a reflector length somewhat longer than the customary half 
wavelength. As has been brought out in this text, the half wavelength along a con- 
ductor is somewhat shorter than the free-space value. If we assume 5 per cent less 
actual radiator length, we have for a free-space wavelength rimeters) = 300 /f Me/see) 
and for a half-wave dipole an actual length of [(meters) ~ d/2 = 0.95r0/2 =0.95 x 
150/f “/se). We have then the formulas as given in Table 94 for the actual length of 
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a half wave as well as of the folded half-wave dipole, since 1 meters = 3.281 / ft = 
39.37 J in. 


Taste 94. AcruaL Haur-wave AND Foupep Drireots Lenetus / In METERS AND 


INCHES 
$$ 7 ro 

f, l, l, f l, l, 

Me/see | meters inches Me/see meters inches 
30 4.85 187 210 0.679 26.7 
40 BEOl 140.5 220 0.648 25.55 
50 2.85 1) 3} 230 0.62 24.4 
60 Boi |* 93.56 240 0.594 23.4 
70 2.04 80.3 250 0.57 22.45 
80 1.785 70.1 260 0.549 21.6 
90 1.585 62.3 270 0.528 20.8 
100 1.422 56.1 280 0.509 20.1 
110 1.295 bla0S 290 0.491 19.35 
120 1.189 46.8 300 0.485 18.7 
130 1.095 43.1 320 0.445 L765 
140 1.02 40.1 340 0.419 16.5 
150 0.951 37.4 360 0.396 15.6 
160 0.892 By 380 0.376 14.78 
170 0.8389 33.0 400 0.357 14.05 
180 0.792 Siez 420 0.339 13.4 
190 Ono |) =29)no 440 0.324 Le 75 
200 0.713 |° 28.1 460 0.31 | 122, 


Remarks: l is the half wavelength along the conductor, based on the formulas 


j (meters) = 0.95 X 150/f = _ 142.25 
oe fMe/sec) 


5,610 


pinches) — 149.95 X 39.37/f = Fejsoo) 


It is by far easier to use the decimal meter scales, since we can read off on such scales one-hundredth 


of 1 meter, namely the centimeter, and one-thousandth of 1 meter, the millimeter (the thickness of a 


pencil line. Usually 3¢- or }4-in. aluminum-alloy tubing is used for low TV band and }4-in. for high | 


TV band. 


In the following tables the lengths / are given in meters since we can read off accu- | 


rately within 1 millimeter. For TV assignments we have in the lower frequency band 


the channels 2, 3, 4, 5, and 6, and in the higher frequency band, the channels 7, 8, 9, 10, _ 


11, 12, and 13, with a small frequency space between channels 4 and 5 and a large 
frequency space between channels 6 and 7. We must compromise over the entire 
frequency space of all channels as far as gap matching is concerned. In many cases 
the folded dipole is cut to the center frequency (mid-channel in each band). 
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TaBLE 95. Fonpep Dror 


| 
d, 
Channel f, feet and x, = : ae ae 
Me/see : meters meters inches meters 
inches 
2 54-60 Gow 5.0 2.0 4914 25 
3) 60-66 14’ 10” 4.525 2.2625 4416 TS 
4 66-72 iley 4.12 2.06 40 1.03 
5 76-82 M9” 3.58 1.79 3514 0.895 
6 82-86 TiO 3130) 1.675 33 0.8375 
uf 174-180 oA 1.628 0.814 16 0.407 
8 180-186 OGAY Lee 0.775 154 0.3875 
9 186-192 AI VAG 1G: 0.75 1434 0.375 
10 192-198 4’ 9’ 1.45 0.725 1444 0.3625 
11 198-204. 4’ 716” 1.41 0.705 13% 0.3525 
12 204-210 4’ 6” a SyAl 0.6855 134% 0.34275 
13 210-216 A! 5" 1.348 0.674 134% DeeBy/ 


Remarks: Wavelength \ is measured along antenna conductor. 


TaBLE 96. Leneru | perwEEN Rounpep Enps or Fotpep DrpoLE FOR GREATEST 


Gain 
SS ee. 
l l 
Channel Channel 
Inches Meters Inches | Meters 
2 102.1 2.6 8 B10); 0.775 
3 92.0 2.04 9 29.5 0.75 
4 83.6 2.125 10 28.5 0.725 
5 72.6 1.842 11 27.6 0.702 
6 ‘Olea 1.705 12 26.8 0.682 
if S15 0.801 13 26.0 0.661 


Remarks: For a 300-ohm termination at the folded dipole gap. 
TaBLe 97. Spacine s or DiPoLE REFLECTOR BEHIND THE DIPOLE FOR Optimum GAIN 


: Reflector : Reflector 
Chan- Spacing s eae Chane Spacing s leant 

nel nel - 

Inches | Meters | Inches | Meters Inches | Meters | Inches | Meters 

2 40 1.035 108 2.745 8 124% | 0.312 34 0.864 

3 36 0.915 98 2.49 9 1134 | 0.291 3216 | 0.825 

4 33 0.839 88 2.24 10 11% | 0.292 3014 | 0.775 

5 29 0.736 78 1.98 11 11% | 0.286 30 0.764 

6 26 0.661 72 1.83 12 11 0.280 2916 | 0.750 

7 13 0.330 36 0.915 13 1034 | 0.273 29 0.736 


Remarks: The reflector linear length is somewhat longer. 
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of power directivity, 622 
gain formulas numerically applied, 621 
power and field advantages in db, 621 
receiving resultant current, formulas, 445 
Antenna constants, lumped and distributed, 
451-455 
Antinode, on line, 166 
Antinode currents, driven half-wave and 
parasitic half-wave radiators, 652 


spacing between 
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Antiphase current excitation, of radiator, 10 
of two parallel half-wave radiators, radi- 
ation resistance, 667 
Antiphase field conditions, space fields, 
946 
Antiphase and inphase excitations, compu- 
tations, linear radiators, 578 
field contributions of zonal areas, 1024 
half-wave radiations, radiation resistance 
formulas, 672 
Antiphase parallel elementary radiators, 
electric field compared with field of 
one elementary radiator, 569 
Aperiodice feeder, J antenna, 702 
quarter-wave and half-wave sections, 699 
single and double line, radiation of, 456 
turnstile bay, 700 
Aperiodie single-line radiation, 466-468 
Aperture, circular, 18, 1136, 1140, 1143- 
1148, 1151-1153 
space geometry, 1137 
in cylinder, 1036, 1095, 1182, 1284 
diffraction effects, 1061, 1082 
in diffraction screen, 1061, 1065, 1082, 
1088, 1089, 1092, 1097, 1103, 1104, 


1107, 1112, 1116, 1117, 1120-1124, 
1126, 1128, 1137, 1140, 1143-1145, 
1147, 1148 


general, 17, 1154, 1157 
in guide, 1116, 1117 
and equivalent current sheets, 350, 
352, 353 
as location of electric and magnetic 
current sheets, 359 
narrow slit, diffraction, 1019, 1036, 1095, 
1182, 1280, 1284 
parabolic projector, beaming effect, 1031 
electric and magnetic current element, 
moment, 1062 
moment of current distribution, 1029 
paraboloid, 1022, 1035 
radiator, 1184 


rectangular, double integral solution, 
1111 
rectangular and circular, 1020 
in screen, 1061, 1082, 1280 
primary radiation center, Huygens 


wavelet centers, 1088 
in wave obstructions, 784 
wave penetration through, 1037 
wave propagation, 1034 
Aperture slot, 17, 18, 1091, 1112, 1116, 
LU eet 2O05 A210) 1123 
inclined, 1036 
several, derivation of, 1112 
Approximation (1 +a)" =1+ ma, ap- 
plied to wave propagation, 874 
Arbitrary elliptical polarization, numeric 
parameter /, concept, 787—788 
and reception of plane waves, 787 
vector | concept, 787-788 
Arbitrary linear polarization and receiving 
aerial, 787 
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Arbitrary orientation, two linear radiators, 
607 
Arbitrary polarization, 786 
of electromagnetic field, 787 
Arbitrary radiator shape, Schelkunoff the- 
ory, 705 
Arbitrary wave directions, 787 
Area, effective, aperture, 184 
nth Fresnel zone, 1026 
Arguments, imaginary, integral logarithm, 
643 
significant, for vanishing Bessel factors, 
704 
Array, antenna (see Antenna arrays) 
circular wave-front radiators, 1148 
linear, end-on, 446 


radiators, half-wave, different beam 
width, vertical and _ horizontal 
planes, 604 


irregular arrangement and phasing, 
formula, 683 
radiation gain referred to single half- 
wave radiator, 620 
Asymptotic points, Cornu spiral, 1044 
Asymptotic series, h(x) function, 332 
Atmosphere, humid, 974 
lower, refractive index of, 970 
path of electromagnetic wave in, 983 
standard, definition of, 994 
warm and moist, concept of equivalent 
earth curvature, 1002 
Atmospheric density, at different eleva- 
tions, 976 
Atmospheric guide action, 6, 959, 994-997, 
1236-1240 
Atmospheric index of refraction (see Index 
of refraction) 
Atmospheric refraction, general wave equa- 
tion, 319 
Atmospheric wave ducts, 6, 319, 959, 994— 
997, 1236-1240 
Atmospheric wave trapping, 6, 959, 994— 
997, 1236-1240 
Atom, 152 
electric and magnetic dipole effects, 152 
electric and magnetic polarization, 152, 
153 
external and internal forces, 152 
magnetization, 153 
polarization, 152, 153 
Atomic dipole moment, 153 
Atomic dipoles, 152 
Attenuation, coaxial line, 483 
concentric line, computed from 
energy transfer, 481 
conducting wave medium, 45 
dissipative wave medium, 123-128 
near earth crust, 909 
in field, penetrating earth crust, 30, 136, 
138, 164 
penetrating good conductor, 16, 44-45, 
48, 477 
geometrical, 886 


field 
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Attenuation, per meter, of wave travel, 
123-125, 136 
space field, 30, 138 
wave guide (see Wave guide, 
ation) 
Attenuation constant, 364-365 
Attenuation factor, plane earth, 1076 
Attenuation formulas, 30, 136, 138, 164 
guide, curves, 1229 
for line, 371 
for wave guide TE and TM waves, 1206 
Attenuation ratio, 365 
Auxiliary potentials, electric polarization 
and magnetic polarization potentials, 
219, 222, 313, 1238-1240, 1275-1276 
Hertz and Fitzgerald vectors, 219, 222, 
313, 1238-1240, 1275-1276 
Average charge density, 240 
Average cosine value applied, 36, 37, 133, 
250 
Average divergence, 39, 109, 197, 202 
Average field power density, 210 
Average flow, 64 
per unit area, 65 
Average power, 36, 65, 75, 117, 210, 211, 
213, 214 
directivity, linear radiator, 626 
independent of radius of expanding 
spherical wave front, for pure di- 
electric, 250 
Average Poynting vector, 629 
expression applied to double-line solu- 
tion, 474 
Average surface power density, 
field, 629 
Average time, 118, 189 
Average value, of cos? time function, 75, 
113, 536 
of difference of electric and magnetic 
volume energy field content, 120 
of directivity, graphical method, 632 
of power directivity, half-wave radiator, 
630 
of square of directivity, 
space, applied, 509 
of time functions, 189 
Avogadro constant, 973 
Avogadro law, 974 
Axial cylinder slot radiator, 1036, 1095, 1182, 
1284-1285 
patterns, 1284-1285 
Axial electric field, circular radiator, differ- 
ent circle length, 755 
value, circular wire radiator, 754 
Axial field vectors, 93, 95, 163 
Axial slot apertures, 1036, 1095, 1182, 1284 
Axial slots in vertical metal cylinder, radi- 
ation pattern of, 1036 
Axis of magnetization, 154 


B 


B, definition and analysis of, 196 
B vector, at interface boundary, 65 


attenu- 


radiation 


unobstructed 
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b,(x) function, 333 
applied to 


Babinet principle, of optics, 
electromagnetic waves, 1036, 1173, 
1279 

slot and wire radiator, applied, com- 


parison, 1173 
Backup and front alignment, half-wave 
radiators, 602 
Backup reflector, 912 
metal, and linear radiator, 864 
Backward and forward radiation, 638-639, 
1062 
Backward-traveling wave, 
735, 887, 895 
Balanced output, concentric, 527 
by means of a third quarter-wavelength 
line, 528 
Balanced parallel line converted to unbal- 
anced coaxial line, 526 
Balanced shielded Lecher line, formulas for, 
403 
Balanced shielded parallel-wire 
characteristic impedance of, 403 
Bar-to-dyne and barye conversion, 989 
Barye unit, 989 
Bay, turnstile (see Turnstile bay) 
Bazooka, coaxial sleeve, 526 
Beacon beam, 61 
Beads, standoff effect on characteristic 
impedance of feeder, 405 
Beam, electromagnetic, horizontal and 
vertical polarization compared, 
796-826 
ray, refracted, 143 
equivalent radio, 948 
incident, reflected and refracted, bound- 
ary conditions, 791 
formulas, 960 
modifications, 998 
radio (see Radio beam) 
refracted, relations, 
medium, 822 
traces of, 57, 59, 62 
Beam curvature, formula, 982 
Beam width, collinear half-wave radiators, 
due to spacing in wavelength, 604 
plane wave front, with wavelets, 1033 
vertical and horizontal planes, 604 
Beaming, broadside and bilateral, 581 
formula, 584 
broadside and end-firing, 637, 639 
diffraction, 1172 
discussion of radiator systems, 627-641 
effect, circular wave-front radiator, 1147 
parabolic projector, different openings, 
1031 : 
end-firing, formulas, 584 
field, for lines with partial radiation sup- 
pression, 564 
forward, slot separation effect, 1121 
thrust factor, 603 
main, emphasized, side-lobe beaming de- 
emphasized, 1033 


76, 333, 337, 


feeder, 


dissipative wave 
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Beaming, main, and forward factor, 1034 
parabolic projector, 1029 
unilateral, 638 
and end-firing, formula, 584 
suitable phasing, 596 
Bearing error, radiation beam, 60 
radio navigation, 56-63 
Bechmann, R., linear antenna, solutions, 
641 
theory, 648 
Bechmann coefficient, line radiators, 657 
Beck, E. A. C., rhombic Bruce antenna, 458 
Bending, of rays, 6, 973, 974, 983 
degree of, 973 
downward, 974 
equation of curvature, 983 
upward, 974 
of wave guide, 1221 
Bernoulli solution of wave equation with 
elementary functions, 321 
Bessel coefficient ¢* of argument zx and 
order n, 1265-1267 
Bessel curve, derivative, 309 
applied to cylindric guide, 1213 
Bessel differential equation, general form, 
339 
Bessel equation, 304, 330, 331, 334, 338 
general integral, 339 
modified, 330, 338, 1267 


solution form, y = J x Zn(Bx), 338 
solution of wave equation, separation 
constants, 324-335 
standard form, 325 
comparison form, 330 


with solution y = ~/x Zn(Bx), 338 
two independent solutions, 322 
Bessel factors, vanishing, significant argu- 
ments, 704 
Bessel function, 309, 310, 339, 1265-1267 
applied, 497 
circular wave-front radiator, 1137 
circular wire radiator, 756-759 
coaxial radiators, 773-774 
cylindric cage aerial, 772-774 
cylindric metal surface radiator, 767— 
772 
disk radiator, 760—765 
argument and order, 325, 330 
cylindric coordinates, argument of, 325 
differentiation, 307, 309, 310, 1212, 1232 
expansion, 331, 339 
first kind modified, 1267 
fractional order, 295, 322, 323, 332, 
756 
half-integral order, 339 
In(x) type, 967, 1267 
Jn(z) type, 304, 309, 749, 750, 756, 757, 
758, 759, 760, 761, 762, 767, 769, 770, 
771, 772, 773, 774, 1254-1255, 1265-— 
1267 
no integer parameter, q + 14, 295, 322, 
323 
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Bessel function, mth root for guide, 307 
roots, wave guide, 310 
(satisfying) boundary conditions, cylin- 
drical wave guide, 309, 379 
third kind, Hankel functions, 322, 339, 
497 
useful formulas, 1254-1255, 1265-1267 
Bessel and Neumann circular guide, 1231 
Bessel and Neumann functions, compared, 
295, 304 
curves, 301, 704 
first order, 330 
general, 304 
order g + 14, 295, 322 
wave-guide solutions, 304 
Bessel roots, 304, 310, 378, 704 
derivatives, 310 
significant, 704, 769 
TM wave-guide modes, 379 
Bessel solution, exponential factor e¢/? cos 4, 
749 
Bessel values, Jo(k) function, 704 
Between-field region, 168 
Beverage wave antenna, directivity, 457— 
461 
Bicones, electric and magnetic fields, trans- 
verse voltages and longitudinal cur- 
rents, TEM wave, principal wave, 735 
Biconical antenna, complementary and 
principal voltage and current distribu- 
tions, 738 . 
Biconical dipole, entrance impedance, 
curves, related functions, 741 
double line, 76 
Biconical line, complementary waves, 736— 
738 
first-order TM wave, 737 
regions I and II, extremes of bicones on I 
and II boundary, 736 
TEM waves, voltages and currents, 736— 
738 
theory (Schelkunoff), 734-742 
relations, 735 
transmission, characteristic 
84 
voltages and currents, principal and com- 
plementary wave contributions, 738 
Bilateral beaming, along alignment, alter- 
nate inphase and antiphase exciter 
currents, 581 
normal to alignment, equal inphase ex- 
citer currents, 581 2 
Binomial expansion, applied, general wave 
medium, 395 
Binomial theorem, applied, expansion of 
wave impedance, 246 
Biot-Savart law, 164, 217 
Bisectoral horn, 1184 
Blurred image effect, 822, 850 
Boltzmann constant, applied, 974 
Boltzmann value, experimental, 970 
Bontsch-Bruenwitsch, M. A., concentric 
open-line section radiation, 557 


impedance, 
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Booker, H. G., Babinet principle applied, 
1036, 1173, 1279 
Booker wave ducts, 1036, 1237 
Bound electron and charge, 152 
Bound field, next to radiator, 3 
Boundary conditions, 78, 307, 309, 319, 350— 
353, 379, 790, 802, 1022, 1067, 1232 
applied, 802 
incident, reflected, refracted waves, 791 
between radiation space and wave obsta- 
cle, 790 
cavity resonator, 1232 
circular guide, 307, 309, 379, 1232 
cylindric guide, from Jo Bessel intersec- 
tions, details, 378, 379 
& vector, certain wave propagation, 319 
electric and magnetic current sheets, 351— 


355 

electric and magnetic fields, diffraction, 
1022 

electromagnetic waves, wave equation, 
1067 


general, 65-66 
guide, 307, 309, 1205, 1213, 1214, 1232 
interface of two mediums, 351 
magnetic flux density and magnetic field 
intensity, 65 
rectangular guide, 308 
spherical S surface of bicones, satisfied by 
complementary waves, 78 
surface of medium separation, 896 
TE waves, 307-309 
TM waves, 307-309 
wave guide, 308-309, 1205, 1213-1214, 
1232 
Boundary requirement, 802 
Bounded and guided wave transmission, 364 
Brewster angle, 931, 946 
applied, 939, 951, 953 
and dip, actual earth crust, 860 
formula, 829, 857 
magnitude, perfect dielectric medium, 821 
pseudo, wave incidence, significance of, 
853-860 
total refraction, vertically polarized wave, 
814-815 
wave incidence, feature of vertical polar- 
ization, 815 
numerical application, 861-863 
values, 829-839 
Brewster dip, 849, 851, 852, 942 
on Cornu spiral, earth crust diffraction, 
1073 
minimum reflection coefficient, vertical 
polarization, time phase and magni- 
tude of reflection coefficient, 871 
ocean surface, 852 
values, 849, 851, 852, 855, 858, 860 
Brewster reflection minimum (or dip) at 
90 time deg, 854 
Brewster wave incidence, dielectric medium, 
for separating vertical from horizontal 
polarization, 815, 817 
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Brillouin, L., radiation resistance, 648 

explaining confusing distance function, 

linear aerial, 707 
Brillouin, M., wave propagation, 370 
Broadness, vertical pattern, linear antenna 
array, factor determining, 603 

Broadside beaming, 581, 584, 637 

and end-fire beaming, 639 

unilateral conditions, 599 

width of beam, 639 
Broadside bilateral beaming, formula, 584 
Broadside energy concentration, 679 
Brown, G. H., linear antenna radiation, 648 
Bruce, E., rhombic (diamond) antenna, 458 
Burgess, R. E., aerial characteristics and 

polarization, 787 

Burrows, C. R., wave duct, 1237 
Burrows-Gray diffraction, 1066 

curves and formulas, 347, 1074 
Burrows-Gray field formulas, 347, 1074 


Cc 


C and S functions, Fresnel diffraction, 1156 
e’c’’ = c?, relation, in ionosphere, 368 
e’c’’ = »?, relation for Hm,, and other modes, 
382 
Cage aerial, 722-774 
Bessel functions applied to formulas, 772— 
TT4 
relative amplitude directivity patterns, 
772 4 
Cage (parabolic) reflector, applied to elec- 
tromagnetic diffraction, 1028 
Capacitance and inductance, formulas, 
lines based on Maxwell’s field relations, 
402 
parallel-wire line and coaxial line com- 
pared, 484 
Carson, J. R., extension of original Sommer- 
feld solution, 497 
Carson line solution, general wave equation, 
493 
Carter, P. S., linear antenna radiation, 648 
Cartesian coordinates, 18, 27, 105, 109, 145 
Cartesian gradient, 22 
Catacaustics and diacausties, 319 
Cavity resonator, 1185, 1233-1236 
boundary conditions, 1234 
cutoff wavelength formula, 1233 
cylindric, 1233 
formulas, 1233-1236 
frequency, 1234 
rectangular, 1233 
Cell surface, bounded, by finite current cir- 
culation, 156 


by finite magnetic field circulation, 139 


Center-fed dipole, actual and equivalent 
network, 680 
Center of radiation, 608 
and reception of antennas, 20 
Central Fresnel zone, field energy, 1024 
Cgs and Gaussian units, 7, 1243, 1252 
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Changed self-radiation resistance and self- 
reactance, linear radiator, due to 
another radiator, 653-656 

Characteristic impedance, average value, 
formula, 743 

biconical double line, 77, 78, 79, 84, 735 
C and L, bicones, 78 
coaxial and Lecher line, compared, 484 
coaxial line and shielded Lecher wires 
with spacers, 405 
conductive wave medium, 43, 45 
dielectric wave medium, 41 
dipoles, various shapes, 743 
double cone, Schelkunoff line, 77 
double-cone radiator compared with 
parallel ribbon line, 79 
double line, different for principal TEM 
and complementary waves, 97 
propagation constant, 69 
double ribbon line, 79 
electromagnetic waves, 4, 8, 31, 36, 40-45, 
50, 53, 55, 64, 126, 136 
expansion, 246-249 
formulas, 4, 36, 40-45, 50, 53, 55, 70, 73, 
78, 79, 84, 158, 160, 163, 164, 213, 241, 
245-248, 281, 291, 317, 375, 402, 403, 
405, 407, 408, 414, 425, 482, 484, 
1197, 1199 
general wave medium, 17, 36, 40, 42, 45, 
46 
and generalized electrical length Q of 
double line, formulas, 410 
good feeder, 452 
ground (earth crust), 17, 36, 40, 45 
line, assumptions often used, 408 
guided TEM wave, 67-73 
open-ended and short-circuited meas- 
urements, 410 
phase angle, 407 
resistive and reactive components, 407 
nominal, cylindric dipole, 747 
ocean medium, 41, 43 
quarter-wave section inserted, 436 
space waves, 4, 7, 17, 36, 41, 42, 43 
three-dimensional field, 40-45, 56, 53-55 
and wave impedance, compared, 40-41 
Characteristic velocity, 4, 8, 29, 45, 51, 54 
Characteristic wave impedance, general 
(dissipative) wave medium, 70, 127 
in terms of Q, R, and X, 52-56 
medium, three-dimensional space, 316 
resistive and reactive components, 53, 
54, 55 
wave guide, 1199 

Characteristic wavelength, 10, 19, 49, 51, 54 

Characteristics of propagation, 362-401 

Charge, bound, 152 

closed shell, negative elementary, 152 

constraint, 152 

density, average value of, 240 

electric moment of, 157 

moment, and electric current moment re- 
lation, 86, 516 
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Charge, moment, Hertz doublet radiator, 
86 
per unit area, 157 
momentum per unit volume, 23 
random motion, 240 
Charge distribution, 240 
arbitrary, in volume elements with re- 
spect to polarization, 240-241 
of radiator, often assumed, 361 
Charge effects retarded at WVHF’s and 
UHF’s, 780 
Chireix-Mesny antenna, 1290 
Chu, L. J., spheroidal dipole (prolate spheri- 
cal radiator), 743 


Ci, Ci, and Si formulas, 712, 722 
Ci functions, applied to radiation, 466-469 
asymptotic formulas and applications, 
468-469 
available, 468-469 
remarks on waves and tables, 468-469 
Ci and log. functions, applied, 563, 566-567 
Ci and logio functions, 512, 514 
for linear standing-wave radiator, 506 
Ci and Si curves, 665 
Ci and Si formulas and expansions, 665 
Ci and Si functions, applied to linear radia- 
tor, 643-648 
maximum and minimum (zero) extreme 
values, 1265 
Ci, Si, and Hi functions, formulas, 643 
Ci, Si, and log functions, integral solutions, 
linear radiator, 641-648 
Circuit, closed (see Closed circuit) 
Circular aerials, radiation, 747-759 
Circular antenna radiator, directivity, plane 
of circle, 749 
Circular aperture radiator, 1136-1153 
Circular cross section, guide wavelength, 
305 
Circular disk, and vertical feeder, both 
radiating, 762-765 
and vertical linear radiator combination, 
directivity pattern, 765 
Circular disk radiavor, 759-765 
Circular gate radiator, spherical wave front, 
1179 
Circular guide, 95, 305-310, 376-379, 1190— 
1193, 1212-1215, 1220, 1221, 1227-1232 
Bessel and Neumann functions solution, 
1231 
cross section, 305 
cutoff characteristics, 1193 
distribution function, 1212 
distributions, 1190-1192, 1221 
excitation, 1220 
TM modes, 382-383, 1191-1193, 1199, 
TAIZ eke, 1215, 127 
Circular and linear half-wave radiator, 
comparison with factor 60 of linear 
radiator, 754 
Circular loop, radiation resistance, 784 
Circular plane wave-front radiator, align- 
ment, directivity curves, 1152 
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Circular polarization, 549-550, 785-788 
explained by Lissajous figures, 549-550 
of incident wave and pickup system, 795 

Circular radiator, axial field value, 754 
Bessel, Gamma, and Gauss functions ap- 

plied, 756—759 
current distributions, 753 
different lengths, axial electric field value, 


755 
directivity patterns, Cartesian coordi- 
nates, 751 


electric field intensity formula, 749 
maximum radiation effect, 756 
numerical application, 755-759 
polar directivity, plane of radiator, 752 
radiation condition, 748 
two driven by common terminal voltage, 
753 ; 
two radiators, three-wavelength distribu- 
tion, resultant effect, 753 
Circular and rectangular gate radiator, 1173 
Circular and rectangular guide, 1221 
Circular slot radiator, diffraction, 
1280 
impressed voltage, 1182, 1280 
Circular wave-front radiator, 
directivity, 1141 
alignment, computations tabulated, 1151 
classic derivation, 1136 
curtain, 1148 
Fraunhofer diffraction, 1137 
inherent advantage, 1172 
Circular wave guide (see Circular guide) 
Circular wire radiator (see Radiator, circu- 
lar wire) 
Circulation, 103—107 
and curl actions, 104-108 
current, 156 
electric field, 14, 23, 101-107 
magnetic and electric field, 101-103 
guide, 1192 
magnetic field, 139 
magnetic vectors, 14, 23, 101-107, 139 
of vector, enclosing a vanishing area in 
the limit, 26 
Classical line equations, compared with 
Maxwell’s field concept equations of 
lines, 97 
Clausius-Mossoti relation, 971, 972 
applied to troposphere, 970 
Clockwise and counterclockwise space screw 
wave propagation, 786 
Clockwise curl, 23 
Closed circuit, frequency effect and delayed 
mutual actions, 777 
radiation effects, 774 
self- and mutual radiation resistance and 
reactance, 776 
single and coupled, treated with field con- 
cepts, 776 
solved with field concepts, 774, 780-784 
Closed current loop, differential and vector 
relations, 778 


1182, 


amplitude 
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Closed current loop, at low and higher fre- 
quencies, 778 
radiation conditions, 776 
relation for radiation effect, 779 
retarded and simultaneous actions along 
closed path, 778 
Closed-line integral applied to closed circuit 
with radiation, 777 
Closed- and open-line integral and radia- 
tion, 779 
Closed- and open-stub matching, 433 
Closed shell, negative elementary charges, 
152 
Closed-stub matching, formulas, 430, 431 
Coaxial bicones, Schelkunoff, 735 
Coaxial line, attenuation computed from 
field energy transfer, 481 
concentric line, attenuation, 483 
and eccentric coaxial line, characteristic 
impedance, 403 
guide action, 95, 1186 
inner and outer conductors, watt loss, 482 
and Laplace equation, 475 
and Lecher line, C and L values compared, 
484 
optimum Q dimensions, 487 
and optimum ratio, D/d = 3.6, 
power transfer, 481, 483 
to a parallel-wire conversion, 526 
and parallel-wire line, radiation effects, 
491 ‘ 
principal TEM wave, 406 
Q value, frequency and inner-diameter 
effect, 487 
sleeve (bazooka), 526 
smallest Q value, 487 
total energy transfer, 481 
watts/meter power loss, 482 
wave conditions, 1230 
Coaxial radiators, conditions, 773-774 
directivity and numerical application, 
773-174 
numerical example of pattern, 773 
Code transmission, group and phase veloc- 


total 


ity, 369 

Coefficient of reflection (see Reflection 
coefficient) 

Coefficient of refraction (see Refraction 
coefficient) 


Coil and linear radiator for causing helical 
wave propagation, 786 
Collinear antennas, group characteristics 
and alignment formula, 586-589 
n equal, group characteristic formulas, 
587 
Collinear and parallel alignment, curtains _ 
of half-wavelength radiators, formulas 
and numerical applications, 671-684 
Collinear radiators, 9, 661, 676, 677, 681, 
682 
equal and natural phasing, formulas, 677 
formulas and numerical applications, 
671-684 
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Collinear radiators, half-wave dipoles, nu- 
merical applications, 588 
horizontal and vertical, 604 
radiation resistance, 681 
Common field factor, 334, 335 
Comparison formulas, electric and magnetic 
fields, elementary electric and magnetic 
dipoles, 163 
Complementary and principal waves, 97, 
492 
voltage contribution, biconical antenna, 
738 
Complementary screens, Babinet principle 
applied, 1036 
Complementary slot and wire radiators, 
1172, 1173 
Complementary wave action, due to con- 
ductor and corresponding field changes, 


95 

Complementary wave-front radiator, 1172, 
1173 : 

Complementary waves, 74, 76, 94, 97, 494— 
498 


account for radiation from lines, 97, 492 
biconical line, 736-738 
current and charges, double line, to physi- 
cal terminals, 492 
not quasi-plane but rapidly attenuated, 
492 
satisfy boundary conditions along spheri- 
cal S surface, biconical antenna, 78 
TE and TM, 92-97 
Complete line equations, principal and com- 
plementary wave effects, 97 
Complex characteristic functions, 319 
Complex characteristic impedance, 70, 123 
for metal, 43, 48 
Complex conjugate fields, 618 
Complex current and field ratio, related to 
propagation constant, 364 
Complex dielectric constant, 5, 17, 36, 40, 
43, 48, 70, 126, 132, 801 
Complex field, C vector, 218-221 
Complex field energy, 118 
in definite volume, dissipative medium, 
121 
Complex field power, dipole, 655 
Complex Fresnel integral, 1064 
Complex impedance and admittance, dou- 
ble line, 407 
Complex index, of reflection, 843 
of refraction, 56, 63, 838 
general wave medium, 56 
Complex medium of wave, 3, 56-63 
Complex mirror, 10 
Complex power flow, 118, 121, 124, 125, 
210-214 
Complex Poynting vector, 122, 127, 196, 
209-214 
numerical examples, 128-133 
real part applied to linear radiator, 505 
Complex propagation constant, 50, 53, 70, 
126, 363 
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Complex quantity, analyzed, 480 
applied to electromagnetic field, 480 
Complex relative dielectric constant, 5, 46 
Complex scalar potential, 315 
Complex total current, 29 
Complex vector C relations, 315 
Complex vector potential, 315 
Complex watts, 210 
Complex wave function, 1064 
Complex wave medium, 3, 4, 12, 45, 117— 
138, 840, 845-853 
current flow, 28, 29, 140 
Complex wave power flow, 121 
Component curl relations, 27, 86 
Component gradient, 20, 21, 22 
Components, of cross (vector) product, 197 
of Hertz vector in true radiation region, 
268 
of propagation constant, 320 
of vector potential, true radiation region, 
87 
Concentration or negative divergence of 
vector, 23 
Concentric cage aerials, 772-774 
Concentric feeder, principal TEM wave, 
406 
Concentric line, attenuation formula, 414 
characteristic impedance, 403, 405 
coaxial line, 94 
formulas, 403 
inner and outer conductor, optimum ratio 
D/d = 3.6 and total power transfer, 


481 
Q value, frequency and inner diameter 
effect, 487 


total energy transfer, 481 
watts/meter power loss, 482 
wave-guide action, 95, 494, 737-738, 967, 
1230-1232 
Condenser, current and fields, 101 
Conductance, numerical, of line and stub 
connections, 436 
positive and negative, line measurements, 
438 
susceptance, voltage and current distribu- 
tions, double line, 438 
Conducting medium, wave penetration, 
477-480 
wave propagation, 477-480 
Conduction current, 11, 16, 28, 98, 396 
and displacement current, 6, 16 
extreme wave medium cases, 396 
relative magnitudes, 392-401 
and surface currents in guides, 1193, 
1207 
electric, 11, 12, 16, 28, 29, 43, 48, 49, 50 
magnetic, 11 
wave guide, 1186-1199 
Conductivity, 3, 5 
earth crust, 5, 10, 12, 29, 33, 47, 55, 57 
ocean, 5, 6, 48, 54 
Conductor, good, 6 
infinitely long, 456 
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Conductor, internal impedance, 11, 96, 712, 
713,. 1196-1199 
linear, resonance and antiresonance con- 
ditions, 456 
standing waves, directivity, 463 
traveling waves, 463 
phase and attenuation constants, same 
numeric values, 477-478 
standing wave, distributions, n = 1,2,3, 
electric field, 463 
outgoing, electric field value, 463 
surface resistance, 1198 
wave propagation, 16, 42, 43, 45, 48 
Cone, antenna, radiated power, 75 
current, 78 
biconical line, 78, 83 
line, 73-76 
Schelkunoff double line, 78 
Confirmation of electric images, ray theory, 
803 
Confocal ellipse, 551, 552 
Abraham radiator, 552 
Confocal hyperbolas, 551 
Abraham linear radiator, 552 
Confocal (orthogonal) ellipses and hyper- 
bolas, 551, 556 
Conical antenna, radiation and Poynting 
vector, 73—76 
Conical dipole, fine, (half-wave); G and F 
functions and curves, 740-741 
Schelkunoff, 735 
theory, second Hankel function applied, 
739 
Conical horn, 1184 
Conjugate electric and magnetic 
applied to formulas, 618 
Conjugate field vector applied to radiator 
problems, 505, 507 
Conjugate products, exponentials applied, 
510 
Conjugate vectors, 117, 118, 124, 209-214 
advantage of, 210 
sum of two, rule, 211 
Conservation, of charge, 230 
of current, 230 
of electric energy, relation for solving 
equations, 230, 233 
applied for computing radiated power 
without Poynting vector, 195 
of electricity, 230 
Constant amplitude plane, wavefront, 791, 
793 
Constant phase plane, wavefront, 791, 793 
Constants C and L, coaxial and parallel- 
wire line, compared, 484 
electromagnetic, 2-5 
Constraint charge, 152 
Constraint electron, 152 
Continuity, condition, wave guide, 357 
energy for Poynting vector and corre- 
sponding wavefront surface product, 
885 
equation, 230 


fields, 


SHORT-WAVE RADIATION PHENOMENA 


Continuity, interface of two different wave 
mediums, 65 
normal magnetic flux density, 65 
tangential electric field, 65 
Contour, of integration, 343 
surface, 21 
of wave interference with group velocity, 
387 
Contribution of induction, due to dielectric 
substance, electric polarization, 196 
due to magnetic substance, magnetiza- 
tion, 196 
Convection, electric current, 4, 23, 152, 223, 
978 
magnetizing current, due to circulating 
electronic charge, 152 
Converter, impedance, quarter-wavelength 
section, 698 
unbalanced to balanced feeder supply, 
525 
Coordinate systems, 18, 20, 27, 144-151, 215 
Cartesian, 18, 20, 145, 146, 215 
curvilinear, 18, 20, 145, 146, 215 
cylindrical, 18, 20, 145, 146, 215 
reference orthogonal, 145, 146, 215 
spherical, 18, 20, 145, 146, 215 
Copper, annealed, conductivity, 5 
Copper plane reflector, penetrating power, 
normal wave incidence, 899 
Copper plate, internal field, 16, 43-45, 477— 
479, 898-899, 1196-1199, 1203-1214 
penetrating power to incident power 
ratio, 899 
power dissipation, 1196, 1203-1214 
Copper wave medium, 45, 477-479, 898- 
899, 1196-1199, 1203-1214 
field amplitude decay, 477 
Corkscrew wave propagation, caused by 
coil and linear radiators, 786 
Cornu spiral, 1041, 1048, 1047, 1048, 1054, 
1055, 1056, 1057, 1073 
applied, to Fresnel diffraction, rectangu- 
lar wave-front radiator, 1162 
to Fresnel patterns, 1160 
to wave front, 1045, 1047 
and electromagnetic diffraction, 1065 
expressing Fresnel integrals, 1041 
outstanding factor, 1044 
radius of curvature, 1044 
solution, 1042, 1043 
for finding effect of primary wave front, 
1054 
for nonobstructed wave region, 1047— 
1048 
for obstructed wave region, 1048 
Cosine expression, applied to mutual radia-_ 
tion resistance, 190 
Cosine function, series expansion applied to 
radiation resistance, 519 i 
imaginary, explanation, 805, 818, 819, 820 
Cosine integral, applied to linear radiator, 
506 
function applied to radiation formula, 465 
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Cosine series expansion, applied to SL 
radiation resistance, 190 
squared time function, 536 
Cosine and sine expansions, applied to radi- 
ation formulas, 782 
integral functions, used for radiation 
resistance formulas, linear radiator, 
537 
Cos 6 = x substitution, applied, 341 
Coulomb’s law, 215 
Counterclockwise and clockwise 
screw wave propagation, 786 
Counterclockwise curl, 23 
Coupled linear radiators, self- and mutual 
parameters, 656-662 
staggered half-wave, conditions, formu- 
las, 678-679 
Coupling loop, 19, 1219 
Critical angle applied, 964 
Critical wave incidence, 805 
Cross product, 22, 154, 197, 1268-1269 
and curl nomenclature, 11, 26, LO FeeenOn 
1272-1275 
identified with curls of magnetic and elec- 
tric vectors, 119, 121, 197-202, 1273- 
1275 
a new vector, 1269 
in Poynting vector, 37 
in vector analysis, 197 
rule, 197, 1268-1269 
vectors, 11, 198, 1268-1269, 1273-1275 
Cross section, effective, electromagnetic 
field energy tubes, surface of medium 
separation, 793 
shape of guide, 1217 
Cross surface wave, near earth crust, 906 
propagations, 907 
Crystal detector, with current meter as 


space 


probe, 421 

Cups and sleeves, quarter wavelength, 694— 
705 

Curl, 11, 14, 20, 22, 101, 104, 148, 200, 1268- 
1275 


action, 104-108 
clockwise, 23 
components, 27, 147-151, 199-200, 1269- 
1270 
applications, 28-35, 150-151 
Cartesian, 148, 199, 200, 1269-1270 
curvilinear orthogonal, 147 
cylindric, 148, 150 
electric and magnetic field vectors, 
147-151, 198-200, 1269-1270 
equation simplified, 150, 901 
spherical, 149, 150 
concept of, 22, 24, 101, 104, 314 


definition of, 11, 14, 26, 101, 104, 198, 


1272 

derivation of, 104-107 

electric and magnetic fields interlinked, 
101-103, 1218 

field vector, 15 

formula, 198 
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Curl, meaning of, 22, 101, 104 
nabla operator, 198, 1271-1272 
negative, counterclockwise, 23 
nomenclature, cross product, vector anal- 
ysis, 151, 198, 1268— 1269, 1271-1275 
relations applied to propagation, 374 
resultant, determinant solution, 197, 1270 
rotor or rot identity, 198 
of vector, 22, 198, 1270, 1272, 1274-1275 
physical meaning of, 22 
relation, expressed in vector analysis 
notation, 617 
vortex motion, rotation, 23 
Curling effects between condenser plates, 
97-103 
Current, actual, and reflector effect, para- 
bolic cylinder reflector, 1029 
advantage, half-wave pickup antenna, 
curves, 1008 
antenna, received, actual and image for 
vertical and horizontal polarization, 
845-853 
and charge, distribution on radiator, 361 
effects, retarded at VHF’s and UHF’ 8, 
780 
circular and rectangular guides, 1186, 
1191, 1194, 1207 
circulation of, 156 
elementary, magnetic moments, 157 
collected, receiving antenna array, 556— 
558 
component, along surface of conductor, 
1, 99, 213, 1185, 1193, 1197 
conduction of, 11, 12, 29, 1185, 1193, 
1197 
conservation of, 230 
density of, 11, 12, 28, 29 
conduction and displacement, dissipa- 
tive wave medium, 11, 34 
in definite direction, computed from 
appropriate curl component of mag- 
netic field vector, 30 
electric, 11-13, 16, 65, 199, 356 
magnetic, 356 
of magnetic and electric current sheets, 
356 
resultant, in space element, 300 
total, 28, 29 
vector components, 229 
vector potential relation, 225 
of volume element, 612 
displacement of (see Displacement cur- 
rent) 
magnetic (see Magnetic current) 
received over reflectors, formulas, 913 
small, circulations summed up, 156 
total, 14, 29 
for variable magnetic field circulation, 
26 
voltage, conductance and susceptance 
distributions, along double line, 438 
and impedance, driven and parasitic 
half-wave radiators, 652 
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Current, and voltage locations, line meas- 
urements, reflections, theory, 439 
Current distribution, 91, 166 
on feeder and relative phase, 700 
and half-wave spaced radiation effects, 
703 
along Lecher feeder and linear antenna, 
74, 89, 116, 191, 698, 699, 702 
linear radiator, higher harmonic, 538 
moment of, 1029 
radiator (circular), 753 
short electrical length and equivalent 
length by means of equal areas, 518 
sinusoidal, general case, linear antenna, 
642 
Current effects, along thin linear radiator, 
642 
electric (see Electric current) 
electromagnetic field, 12 
element, path difference, between refer- 
ence distance and element, 612 
go and return, Lecher wires, found from 
current function, 489 
Current flow, on conductor next to field, 
348 
rectangular guide walls, 1194 
wave guide, 1186, 1191, 1194, 1207 
Current function, 90, 306-310 
Hertz solution, 270 
and potential, applied to Lecher line, 488 
time derivative of Hertz vector, relation, 
282 
Current loops, 160, 1219 
circular, radiation resistance, 784 
closed, differential and vector relations, 
778 
low and higher frequencies, 778 
relation for radiation effect, 779 
plane of any type, radiation resistance, 
784 
treated with field equations (Maxwell), 
780-784 
two, radiation conditions, 776 
Current meshes, 155-156 
Current minimum on line, 440 
Current moment, differential radiator, lin- 
ear, 86 
Current node, linear antenna, 529 
Current penetration, dissipative wave me- 
dium, 31, 41, 45, 48 
metal, 6, 43, 45, 48, 477, 1198 
Current probe, for line, 421 
Current radiator, linear differential, 31, 86, 
89, 144, 161, 163, 165, 168-187 
Current ratio, and reflection coefficient, 
relations, 423 
Current relations, in source-to-antenna sys- 
tems, 451-455 
Current sheets, 143, 348, 353, 356, 1089, 
1093, 1127, 1184 
actual, 350 
in advancing wave front, 367 
aperture radiator, 1184 
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Current sheets, concept, applied to wave- 
front radiator, 353 
current surfaces, and surface integrals, 
356 
electric and corresponding field, 353 
electric and magnetic, boundary condi- 
tions, 350-355 
fields, 348-355 
equivalent, 350, 352 
flow density relations, applied, 349 
magnetic and corresponding field, 353 
open wave-guide aperture, 1126-1131 
substitution in primary wave front, 1092 
total field contribution, applied to para- 
bolic reflector, 1030 
Current skin, thickness, guide wall, 1198 
outside at opening of guide, 1195 
Curtain array, circular wave-front radia- 
tors, 1148 
of dipoles, 589-592 
horizontal and vertical half-wave radia- 
tors, 590 
half-wave inphase dipoles, gap termina- 
tions, 687 
half-wave linear radiators, computation 
of various radiation resistances, 682 
half-wave radiators, numerical data, 599— 
605 
parallel collinear alignment, formulas 
and numerical applications, 671— 
684 ; 
vertical and horizontal beam width, 604 
wave-front radiators, rectangular aper- 


tures, 1117 
Curvature, of earth, approximate formulas, 
886 


effect of, is unity, perpendicular wave 
incidence, 886 
equivalent earth, concept, 1002 
equivalent value, 997 
speculations, 871-872 
electromagnetic ray, 997 
modification of, 987 
upward, 998 
radius of, Cornu spiral, 1044 
Curved earth crust and line of sight, ex- 
planation, 871 
Curved electromagnetic path, proving wave 
propagation possible beyond optical 
limit, 987 
Curved path propagation in troposphere, 
970 
Curved radio beams, concept of equivalent 
earth radius, 986 
Curves, mutual linear radiator impedance, 
resistance, and reactance, 691 : 
stub length and location, matching, 432 
Curvilinear coordinates, 18, 145-147, 151, 
1272 
application to Hamiltonian nabla opera- 
tor, 1271-1272 
Curvilinear orthogonal coordinates, 18, 144, 
145, 147, 151, 1272 


Ss 
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Curvilinear orthogonal coordinates, system 
applied to radiators and Maxwell’s 
equations, 144-151, 1272 

Cutoff characteristics, circular wave guide, 
1193 

Cutoff frequency, 384, 1187-1232 

computations, rectangular and circular 
guides and modes, 1227 

cylindric guide, 377, 379, 380, 383, 1187— 
1232 


for air and other pure dielectrics, com- 
parison, 379 
and energy transfer, 96 
and wavelength, guide, 96, 308, 1186— 
1232 
Cutoff wavelength, 308-310, 1187, 1188, 
1190, 1193, 1196, 1207, IDAs, Ubyzle 
1222, 1227, 1230, 1232 
cavity resonator, 1233 
formulas, 1188-1232 
longest for TE waves, 305 
Cycles per second, 5 
Cycles in pulse, 360 
Cylinder, metallic and axial slots, directiv- 
ity, 1036, 1095, 1182 
surface, radiation conditions, 766 
Cylindrical cage antenna, 772-774 
relative directivity patterns, 772 
Cylindrical cavity resonator, 1233-1237 
Cylindrical coordinates, 18, 20, 145, 146, 
215 
Cylindrical dipoles, alignment of several, 
729-734 
condition of, accounts for magnitude of 
radius of cylinder, 718 
current distributions, 728, 730 
driven, 719, 729 
entrance gap current formulas, 721, 724 
gap current, 721, 724 
general self-impedance formula, 712 
hollow, input resistance and reactance, 
characteristic impedance, 742 
numerical applications, 724-727 
radial displacement current, 744 
radiator, tapered input terminals, 744 
several parallel on circle, 720 
table for integral solutions, 733 
two in parallel, 719 
Cylindrical guide, Bessel derivative, 1213 
boundary conditions applied, 378 
cutoff frequency, 377, 379 
distributions, 95, 304, 306, 307, 377, 1185- 
1232 
excitation, 1220 
longest cutoff wavelength, 305 
metal surface, radiation effects, 765-772 
p values, 383 
phase constant, 383 
Poynting vector, 1199 
TM modes, 382-383, 1185-1232 
phase velocity, 380, 1185-1232 
Trim waves, 379 
Cylindrical parabolic antenna, 1182 
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Cylindrical radiators, 765-774 

center-fed, internal and external resist- 
ances and reactances, 715 

factors, A and Q, King theory, 710, 711 

integral equations and method of suc- 
cessive approximations, 709 

integral solutions, 722-723, 725-726, 732— 
733 

internal ohmic resistance and reactance, 
713 

King, Blake, and Harrison calculations 
and theory, 705 

metal surface, Bessel functions applied to 
formulas, 767—772 


directivity, computations tabulated, 
770, 771 

electric field and directivity formulas, 
769 


polar and rectangular plots, relative 
field amplitude directivity, 771 
models, 709 
Oseen and Hallén theories, 705 
surface, 765—772 
radius effect and directivity, 770, 771 
Cylindrical and rectangular guide relations, 
95, 305-307, 374, 377, 378, 381, 383, 
1185-1232 
Cylindrical surfaces of field actions, 641 
Cylindrical wave, 247 
Cylindrical wave guide (see Cylindrical 
guide) 


D 


Doavg*, average energy directivity, 630 

A, Murphy operator, or a factor in King’s 
theory for cylindric surface radiator, 
respectively, 710 

V, nabla operator, of vector or a scalar 
function, 979, 1271 

V?, additional differentiation of Hamiltonian 
nabla operator, 313, 1271 

Dalembertian of wave function, 311 

Decay, factor, application, 346 

field amplitude, wave-spread effect, 871, 
885-886 

Decelerated electrons, 4 

Decelerated field, 4 

Decibel formulas, double line, 414 

Decibel gain, half-wave antenna in front of 
plane metal reflector, 1005 


Decrement, logarithmic, electromagnetic 
Wave in space, space dissipation uni- 
form, 138 


Degree of ray bending, troposphere, 973 

Del operator, known as Laplace and Hamil- 
tonian operator, but A and V, 28, 109, 
127, 199, 220, 979, 1271 


Delay, negative phase shift on feeders, 
446 
numeric computation, 879 
time, 36, 937 
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Delay angle, 86, 89, 90, 136 
dealing with many wavelengths of 
propagation, 453, 454, 872, 878-880 
equivalent, and relative phase condition, 
872 
Delay lens, metallic, 1241 
De Moivre law, applied to radiation, 642 
Density, current, volume element, 612 
dry air, 975 
formula, 976 
electric charge in field, 22-24 
electric field energy, 13, 36, 111, 131 
electromagnetic field energy, 13, 25, 35, 
$7, 111; 1125838 
nonpolar gas, 970 
power, average value, radiation field, 629 
watt, wave front, 130 
wattless (reactive), wave front, 130 
Destructive and reinforced wave 
ference, diffraction, 1038 
electromagnetic rays, 926, 927, 930, 949, 
951, 956 
Detector arrangements, line probe, 427 
Determinant, formula for vector and prod- 
uct of vectors, 197 
Devore, H. B., and H. Iams, lens (electro- 
magnetic), 1241 
microwave optics, between 
conducting sheets, 1241 
Diacaustics and catacaustics, 319 
Diamond antenna, Bruce rhombic, 458 
Dielectric bound and constraint charges, 
152 
Dielectric constant, 5 
actual value of, compared with equivalent 
value, 17 
of air, 4, 5 
due to dry air and water-vapor content, 
977 
of earth crust, 6 
equivalent, dissipative wave medium, 5, 


inter- 


parallel 


17, 36, 40 
gradient of, causing curved wave front, 
371 
of ice, 395 


of ionosphere, 977 
of ocean, 5, 6 
relative equivalent, 5, 347 
of earth crust, 900 
table for useful substances, 5 
of troposphere, 6, 970-984, 986—997 
unit of, explained, 65 
of vacuum, empty space, 5 
at VHF’s and UHF’s, 395 
of wave medium, 4-5 
Dielectric displacement current, 12, 15, 28, 
29 
effect of, 16 
Dielectric and dissipative wave mediums, 
comparison, refraction law, 802 
Dielectric guide attenuation, leaky, 1214 
Dielectric lens, 1240 
Dielectric loss, wave guide, 1217 
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Dielectric mirror, 10, 946 
wave reflection, 946 
Dielectric tube, 1185 
Dielectric wave medium, 3, 16, 791-800, 
804-808, 810-816 
divergence of Poynting vector, 35 
means for separating horizontal from 
vertical polarization, 814, 817 
perfect, angles of incidence 6:1 < 63 com- 
plex reflection coefficient, 819-820 
assumed electric and magnetic vector 
potentials, compared, 358 
phase and group velocity relation, 
381 
propagate modulated waves without 
distortion, 394 
Difference between wave-guide wavelength 
and corresponding unbounded wave- 
medium wavelength, 305, 310 
Difference between vertical and horizontal 
polarization, 17, 916 
Differential, Lecher line section, electric 
radiation field contribution, 501 
retarded vector potential, applied to 
radiation, 782 
surface of spherical wave front, 628 
Differential antenna, 8, 31, 86, 161, 163, 
165-194, 235, 241, 551 
Differential electric field 
numeric values, 555 
Differential equation, Bessel, and solution, 
295, 322, 326, 330, 1231 
general wave equation, solution with 
separation constants, 294 
Legendre (associated) equation, 327 
for 1(r) function, and derivation of new 
function, ®, 329-330 
Differential linear radiator, directivity, 31, 
32, 464, 534 
electric field intensity with active and 
reactive terms, 516 
elementary, 31, 86, 161, 163, 165-194, 
235, 241, 551 
field formula applied to, 540 
general space orientation, 29-31, 607 
meridian directivity, 625 
radiation advantage and gain, formulas 
and application, 624 
radiation resistance, 517 
terms in near field, 553 


contributions, 


Differentiation of products, application of 


partial operation to radiation, 513- 


514 

Diffracted beam due to incident primary 
beam, 1061 

Diffraction, antenna, circular, air gap. 


voltage excitation, 1182, 1280 
basie concepts, 1018 
circular slit radiator, 1280 
different sources present, 1019 
display, applied to 300- and 1200-Me 
waves, 1057 
edge, 1063 
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Diffraction, edge, assumed as a line of a 
Riemann space, 1065 
effects, experimental, mountain ridges, 
1058 
electromagnetic, 1018 
Brewster wave incidence dip on Cornu 
spiral, 1073 
curves and formulas, 1074 
field amplitude, Fraunhofer pattern 
computations, 1083, 1097, 1103, 1104, 
1107, 1119-1123, 1137, 11389, 1141- 
1148 
Green function and theorem, 1280- 
1283 
spherical earth crust, 1069 
from end of rectangular wave-guide open- 


ing, 1124 
factor, spherical earth, 345 
field regions, obstructed and wunob- 


structed, 1050 
twofold, 1049 
formula, electric field, 1066 
electromagnetic, Burrows-Gray, 1075 
Fraunhofer, field amplitude pattern, 
circular wave-front radiator, 1143 
field amplitude pattern, circular and 
rectangular wave fronts compared, 
1144, 1145 
Fresnel, 784 
geometric shadow region, 
application, 1055, 1056 
Green’s theorem applied to Kirchhoff 
solution, 1061 
inclination factor, 1061 
less for shorter waves, 1021 
maxima and minima, 1052 
more pronounced for relatively longer 
waves, 1038 
obstacles, 1028 
obstructing wedge, above and below, 1039 
parabolic cage projector, curves for main 
beam width, 1035 
pattern, parabolic projector, 1032 
rectangular slot radiator formula, 1096, 
1109 
and ray theory concepts, 790 
and refraction dependent on operating 
wavelength, 1018 
screen, assumes absorption on side of 
arriving primary radiation, in elec- 
tromagnetic case, 1020 
sharp edge, formulas, 1050 
due to sharp mountain ridge (wedge), 
in unobstructed and _ obstructed 
field regions, 1039 
zonal rings, 1040 
by slots, 10 
apertures in screen, 1020 
spectra, wave trapping, 1240 
theory, A. Sommerfeld, 1063 
and wave obstruction, 1018-1184 
of waves, 318 
into geometric shadow region, 318 


numerical 
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Diffractivity, circular aperture, 1139, 1140, 
1142 
circular and rectangular 
radiators, 1140 
double-slot radiator, 1113 
envelope of resultant amplitude, has 
shape of single-slot pattern, 1123 
formula, rectangular aperture, 1084 
N slot radiators, 1114 
numerically applied, 1108 
tables and curves, 1084-1086, 1095, 1098, 
1102, 1105, 1106, 1108, 1119, 1139, 
1140, 1142, 1146 
Diffractor, parabolic, 
cept, 1028 
Dimension of electric field, 16 
Diode probe, line measurement, 427 
Dip, Brewster (see Brewster dip) 
Dipole, atomic, 152 
center-fed, actual and equivalent net- 
work, 680 
charge moment, 152 
complex field power, 655 
curtains, 589-592 ‘ 
cylindrical (see Cylindrical dipoles) 
effects, in atoms, 152 
electric (see Electric dipole) 
electric current moment, 152 
elementary (see Elementary electric and 
magnetic dipole) 
fine and conical, capacitance and induct- 
ance per unit length, 742 
gap, impedance (mutual), 652 
induced voltage, 651 
terminals, dynamically insulated from 
ground, quarter-wavelength sleeve, 
703 
general, finite length, field formula, gen- 
eral electric length, 533 
half-wave (see Half-wave dipole) 
hemispherical, 743 
Hertzian, 89 
and image dipoles, rectangular guide, 1182 
Magnetic (see Magnetic dipole) 
radiation effects, near obstacles, 194 
radiation resistance, different from half- 
wavelength current distributions, 
663 
rhombic cross section, 743 
special, such as folded half-wave, radia- 
tion resistance, 662 p 
television channel dimensions, 1285-1287 
thick spheroidal, 743 
Dipole moment, atomic, 153 
Dipole radiator, analysis of, 530 
cylindric, nominal impedance, 747 
self-impedance, 713 
different forms, formulas, 743 
self-radiation resistance and reactance, 
712 
Direct and indirect field components, 930 
Direct and indirect ground-reflected wave 
contributions, 869 


wave-front 


and wavelet con- 
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Directivity, half-wave radiator, compared 


Direct ray, 10 
; with elementary point radiator, 533 


Direction, change of, wave propagation, due 


to refraction effects of wave medium, 
366 
components, 18, 22, 27, 33, 38, 39, 64, 65, 
87, 89, 93, 101, 105, 147-150, 161, 
163, 169, 172, 176, 184, 197-200, 205, 
207 
cosine, 21, 207, 208, 289, 1269, 1272 
of flow of current, 66 
of radio beam or ray, 57, 59, 62 
of wave propagation and wave front, 8 


Direction factor, in receiving antenna array, 


447 


of array, geometric progression applied, 
447 


Direction finder loop orientation, close to 


radiator, 20 


Directivity, alignment of several linear 


radiators, 579-583 
amplitude and power, computation, half- 
wave radiator, 535 
and antenna gain, 620 
aperture radiator, normal and inclined 
primary wave front, 1115 
Beverage antenna, 457-461 
components, 594 
computations, cylindric metal surface 
radiator, tabulated, 770, 771 
differential linear radiator, 31 
disk radiator, 761—762 
eight linear radiator array, 634 
electric doublet radiator, 535 
and electric field, formulas, cylindric sur- 
face radiator, 769 
value of half-wave radiation sections 
with partial radiation suppression, 
559-562, 564 
and electromagnetic fields of two linear 
radiators, 569-571 
elementary linear radiator, 31, 535 
equatorial, different spacings and phas- 
ings of linear radiators, formulas, 
583-584 
two like linear inphase and equal cur- 
rent radiators, patterns, 580 
evaluations, linear radiator, 543-545 
factor, variable, 628 
concentric line radiator, partial radia- 
tion suppression, 567 : 
formula, general, applicable to half-wave 
radiator, 537 
and applications to cylindric cage 
antenna, 772-774 
four half-wave radiators, 632 
graphical method, average value, 632 
group characteristic, 595 
half-wave dipole, 32, 239, 251, 534, 545 
compared with other higher harmonic 
excitations, 545 
half-wave radiator, alignment, formulas, 
585-586 


Hertz doublet, 31, 32, 535 
horizontal disk and vertical linear radia- 
tor combined, 764 
isotropic point-source radiator, 535 
linear conductor, array unequally spaced, 
605-609 
for higher harmonic excitation, 538 
for odd and even half-wave distribu- 
tions, 544 
stationary-wave excitation, 463 
traveling-wave excitation, 463 
zero current value at either end, 625 
magnetic dipole, compared with electric 
dipole, 86, 161 
matched line, 459 
meridian, 624 
linear radiator, 625 
N circular aperture radiators, 1150 
n linear aligned radiators, formula, 640 
in plane of circular wire radiator, 749 
and Poynting vector formulas, harmonic 
excitations of linear radiator, 623 
radiating slots in cylinder, 1036, 1095, 
1182, 1284 
space distribution of equal linear radia- 
tors, 594 
space field, 631 
(See also Amplitude directivity; Power 
directivity) 
space relative, two half-wave vertical 
radiators, compared with one half- 
wave radiator, 633 
squared, average value applied, 509 
total, group factor, 593 
two differential linear radiators, 187 
two elementary parallel radiators in 
equatorial plane, 570 
vector diagram, linear half-wave radiator, 
evaluation solution, 539 
vertical and horizontal half-wave radia- 
tors, 926-927 
vertical, linear, and horizontal disk radia- 
tors, over a metal reference plane, 
Cartesian patterns, 763 


Directivity patterns, alignment, equal linear 


radiators, different spacings and cur- 
rent timing, 581 
ealculation, half-wave linear radiators, 
632-634 
circular disk and vertical linear radiators, 
765 
coaxial radiator, 774 
half-wave, linear elementary, and singlet 
(point source) radiators, compared, 
534 
linear radiator, fundamental and higher 
harmonic excitation, 545 
in plane of circular wire radiator, Carte- 
sian coordinate patterns, 751 
relative, cylindric cage antenna, 772 


Displacement and 


SUBJECT INDEX 


Directivity patterns, relative, linear radi- 
ator, odd and even current distribution, 
623 
stationary- and traveling-wave excita- 
tions of linear conductor, compared, 
464 

two linear radiators, equatorial plane, 
575-579 

useful types compared, 534 

Disadvantage of radiation, 627 


Discone antenna, 728 


and matching, 728 


Discone radiator, 73-76, 728 


Discontinuity, circuit and radiation, 779 
Kirchhoff equation (diffraction), 311 
mouth of guide, 261 

normal electric field, 65 

sphere of, 77 

tangential magnetic induction field, 65 
wave mediums, 66 


Discontinuous variation, Kirchhoff wave 


equation, 311 


Discrimination, against reflected waves, 787 


against wave components, due to polariza- 
tion, 786-787 


Disk and linear radiator combination, 


directivities, Cartesian plots, 763 


Disk radiator, application of Bessel func- 


tion, 760—765 

directivity, 761—762 

horizontal over metal reference plane 
together with vertical linear radiator, 
directivities, tabulated, 764 

radiation pattern, 762 

theory, 759-765 

and vertical feeder, both radiating, 762— 
765 


Dispersion, anomalous, 366, 370 


normal, 366 


Dispersive wave medium, 51, 389-401 


cause and effect of, 393-401 
and nondispersive medium, compared, 
399 

and velocity of propagation, 389-401 

and wave propagation, 387 

conduction current, 
extreme wave-medium cases, 396 

relative magnitudes, 392-401 


Displacement current, 11, 15, 99, 100, 396 


compared with conduction current, 6, 16, 
30, 31, 33, 52 

electric, 98 

longitudinal, wave guide, 1186 

magnetic, 11, 15 

tubes as electric field tubes, 74 

wave guide, 1186 

Displacement factor, dissipative wave 

medium, different frequency, 31 

Dissipation, heat, general wave medium, 
29, 43, 45, 46, 51, 117-128 

metal medium, 43, 45 

term d, earth crust near earth surface, 

905 
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Dissipative medium, phase factor, 138 


logarithmic space decrement, 138 


Dissipative wave medium, 4~7, 12-17, 29- 


31, 36-39, 41-63, 117-143 

behavior, like leaky dielectric, 840 

with respect to stiffness (electro- 

magnetic), 43 

Brewster angle and dip in, 861-863 

for characteristic wave impedance, at- 
tenuation constant, phase constant, 
q= V1 = (1/Q%, and @ = ox/o, 
52-56 

complex field energy in a definite volume, 
121 

dispersive and nondispersive, formulas 
compared, 399 

divergence of field energy Over an enclos- 
ing volume, 122 

dry earth crust, 394 

effect of frequency, 43 

electric and magnetic, scalar potentials 
compared, 358 

expression for finding relative magnitudes 
of electric and magnetic fields, 45 

extreme cases, for conduction and dis- 
placement currents, 396 

field energy concentrations, 117 

field relations, 97 

formulas, expressed in medium Q value, 
5, 52-56, 123, 126-128, 140-143 

frequency effect, 43, 390-401 

gradients, 854 

heat loss, 117-133 

leaky dielectric, 5, 16-17, 28-31, 33-36, 
40, 42-56, 98, 118-138, 840 

and nondissipative, scalar potentials, 358 

numerical applications, 52-56 

numerical computation of 
coefficient, 843-845 

ocean, 6, 41, 43, 46, 48, 52, 137, 400, 


reflection 


900, 910 
phase angle, characteristic wave im- 
pedance, 43 


phase factor and refracted wave, 796-826 

power factor, 140 

Poynting vector, real and imaginary 
parts, 125 

propagation constant, 30, 44, 46, 48, 50, 
53, 55, 58-59, 70, 126-127 

pseudo Brewster angle, formulas, 826-829 

reflection, curves, 858 

rate of electromagnetic field power in- 
crease, 122 

reflections, 845-853 

useful concepts on, 853-860 

refractions, 821-824 

separation of attenuation and phase con- 
stants in propagation constant rela- 
tion, 390 

tabulated values, phase and magnitude of 
refractive index, 841 

use of total electromagnetic field energy 
content, 130 
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Dissipative wave medium, useful and dissi- 
pated field power, 140 
useful reflection concepts, 853-860 
Distance to field point in Cartesian co- 
ordinates, 607 
Distance parameter, vertical and horizontal 
polarization, 1075 
diffraction, vertical and horizontal polar- 
ization, 1078 
Distant field effects, power directivity, for 
electric and magnetic radiation vectors, 
617 
Distant radiation field, TEM waves and 
customary line conditions compared, 
316 
Distant radiation region, 89 
Distilled water (ideal), index of refraction, 
394 
Poynting vector, 41 
Distorted AM effect, Rayleigh wave trains, 
388 
Distortion, of fields in concentric and paral- 
lel-wire lines and guides, 95 
general, 240 
of phase and amplitude for certain wave 
propagation conditions, 394 
of PM, FM, AM, phase and group veloci- 
ties, 369 
random motion, 152, 240 
Distortionless double-line condition, 372 
Distribution function, of amplitude, 306— 
310 
circular guide, 1212 
half-wave radiator, 91 
linear radiator, 89, 91 
parallel planes, cylindrical guide, 309 
rectangular guide, 1187 
and circular guide, 1190 
XY plane, 302, 306, 308 
Distributions, along conductor 
mental with probe), 456 
current, and electric lines, 1186 
along Lecher feeder and linear radiator, 
698, 699 
equivalent electric currents due to an 
electromagnetic field content in field 
surface, 356 
Div B and div D, curvilinear coordinates, 


(experi- 


151 
Div (§ X H), 25, 121, 201-202, 205, 1273- 
1275 : 
dissipative wave medium, 202 
nondissipative (pure dielectric) wave 
medium, 201 


Div (6 X H) = 4 curl & — & curl H, rela- 
tion important, dissipative wave me- 
dium energy solutions, 121, 201 

Div grad, relation, 1272 

Divergence, 20, 22-25, 35, 38, 39, 108, 109, 
111, 120-122, 124, 127, 128, 131, 197, 
198, 201-204, 233, 1271 

average, 39, 197 
of charge, rate of leaving unit space, 23 
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Divergence, concept, 108 
of cross product, 25 
current density, 199 
different notations, 198, 1271-1275 
electromagnetic field energy flux, surface 
divergence, 38 
is equal to time rate at which electro- 
magnetic density increases within 
volume, 25 
expression, dissipative wave medium, 128 
formulas, 198, 201-204 
identity, 198 
imaginary, 123 
linear, 109 
magnetic flux always vanishes, 22, 24 
mathematical definition, 198, 1271-1275 
Maxwell’s equations, 197 
meaning of, 22 
negative, 23 
nomenclature, 22, 23 
positive, 23 
Poynting vector, 201 
in pure dielectric wave medium, 35 
of a quantity, 23 
real, 123 
relations, Cartesian, cylindric and spheri- 
cal coordinates, 22, 109, 111, 197— 
199, 203, 1271 
surface, 38, 109 
two vectors, applied to electromagnetic 
field, 1273 J 
of a vector, 22, 198, 781 
and dot product (vector operated by 
nabla), 978 
gives strength of source, 980 
and vector analysis, notation V, 22, 198, 
1271-1275 
volume, 38, 109 
Divergent progressive electromagnetic field, 
332 
Divergent wave, 332 
amplitude decay, 332 
Bessel and Neumann functions, 332 
Stokes separation constant of, 332 
Diverging cones, Schelkunoff line, 735 
Dominant longitudinal electric wave con- 
ditions, 377 
Dominant TE wave, conditions, 374 
Dominant TEi,o wave, dominant mode, 
305 
Dominant transverse wave, 43 
Dominant wave in wave guide, 43, 307 
Dot or scalar product, 22, 38, 197, 1268— 
1269, 1271-1275 
Double-cone lines 
spread, 80, 85, 735 : 
Double-cone radiator, characteristic im- 
pedance, compared with double ribbon 


line, 79 
Schelkunoff, 76-86, 735 
Double integral, applications, radiation, 


linear radiator, 511-514 
normal wave incidence, 1158-1160 


of different angular 


SUBJECT INDEX 


Double integral, solution, primary wave 
incidence in aperture, 1158 
radiation resistance, parallel-wire line, 
511-514 
rectangular aperture, 1111 
Double layer, 154 
electric, 157 
elementary solid angle, 154 
magnetic, 154, 157 
Double-leaf Riemann surface applied to 
diffraction, 1065 
Double line, approximation formulas, 412 
attenuation and phase constant, 407-408 
beads, characteristic impedance, 405 
db formulas, 414 
different standing-wave ratio, 411 
Emin/Emax gives measure of load mis- 
match, 412 
feeder, linear current distribution, equiva- 
lent length by means of equal areas, 


518 
formulas, 407-408 
attenuation and characteristic im- 


pedance, 414 
derived from Maxweil’s field relations 
and from classical transmission-line 
theory, compared, 68 
reflection effects, 411 
useful for stubs, 415-416 
generalized line length and characteristic 
impedance formulas for measure- 
ments, 410 
guided TEM wave, 67 
high-frequency line, formulas, 412 
impedance loaded, 411 
incident and reflected waves, 68, 78, 410, 
417-420, 422, 423, 735-736 
input, admittance and impedance, com- 
pared, 415 
impedance, 410 
load impedance and characteristic im- 
pedance, 411 
matched, 411 
high-frequency line, 414 
maximum and minimum input imped- 
ance, 415 
with no true nodal points, 411 
open-ended, 412 
input impedance, 409 
length one-quarter of wavelength, like 
series resonance, 415 
lines shorter than quarter wavelength, 
like capacitance, 412 
output current, through load at far end, 
input voltage has a constant relation 
(quarter-wave transformer action), 
409 
phase and group velocity, 410 
potential, current and phase distributions, 
409 
with power absorption in load, partial and 
total, 411 
pure capacitance load, 412 
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Double line, pure inductance load, 412 
Q value, 415, 486-487 
quarter-wavelength section, 409 
radiation resistance, solution, 510 
reactance terminated, 411 
reflection coefficient, and phase, 412-413 
relations, 406-416 
principal and complementary wave 
terms, 97 
sending-end impedance, 
pedance, 408 
shielded and unshielded, characteristic 
impedance formulas, 403, 405 
short-circuited, at far end, input im- 
pedance, 409 
lines shorter than quarter wave- 
length, like inductance, 412 
quarter-wavelength line, like parallel 
resonance, 415 
standing (stationary) waves, 411 
standing-wave ratio, 411 
and reflection coefficient, 417 
theory, classical Kirchhoff, 491-492 
transfer or driving impedance, 409 
transmission line, equation compared 
with electromagnetic field theory, 
492 
and Maxwell’s equations, 68, 492 
traveling and standing waves, funda- 
mentals, 416-420 
voltage and current, at any distance, 
from input end, 410 
from load end, 408, 410 
at far (load) end, 408 
and impedance at input end, 408 
relations, reflection effects, 411 
with voltage and current distributions, 
411 
wave interference, 411 
Double-slot radiator, formula, 1113 
Double-stub impedance, matching, 433, 445 
Double stubbing of feeder, 864 
Doublet effect, 240 
and elementary linear radiator relations, 
formulas, 241-249 
formulas, electric and magnetic dipoles, 
applied, 165-168 
Hertz, 8, 31, 89, 144, 241 
magnetic, 144, 152, 153, 155, 158-165 
radiator, 31, 86, 89, 144, 157-163, 938 
Doubly modified electromagnetic path, 998 
Downward bending of ray, 974 
Downward ray curvature, 996 
Drift, random motion, 152 
Driven and parasitic radiators, formulas, 
652 
numerical application, 688-694 
Drude, P., fundamental diffraction explana- 
tions and procedures, 1034 
Dry air density, 975 
Dry ground (see Wave medium, dry ground) 
Duct for waves (see Wave duct) 
Dyne, 1243 


entrance im- 
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E 


Earth, curvature, speculations, 871-872 
curved, 346 
distance parameter, 347 
spherical, formula, 347 
radius, actual and equivalent, 347, 348 
formulas, actual and effective values, 
1077 
surface, curvature effect is unity for 
perpendicular wave incidence, 886 
Earth crust, actual and perfect, radiation 
patterns, 912-928 
attenuation, 909 
and phase constants, 907 
Brewster angle and dip, curves, 860 
conditions and forward tilt of electric 
field, elliptic polarization, due to 
actual earth effect, 900 
effect, general, 4-7, 10, 12, 16, 28, 30, 34, 
42-46, 52-56, 62, 117-133, 135-139, 
142 
resultant field, for given ground and 
fixed radiator elevation, frequency- 
height product significance, 931-932 
rhombic antenna, 458 
electromagnetic waves near, 902 
fairly good conductor, 931 
flat, propagation conditions, 930 
index of refraction (complex), curves, 842 
magnitude and phase tabulated, 841 
magnitude and phase, reflection coeffi- 
cient, 851 
parabolic curvature applied, 871-872 
phase velocity, 909 
propagation constant, 904 
Q value, 5, 52-56, 1076 
relative equivalent dielectric constant, 
applied, 900 
spherical, curvature, effect, approximate 
formula, 886 
equivalent, 997 
expression for increasing divergence 
of waves, 1074 
secondary radiation and Hertz vector, 
1069 
wavelength, 909 
wet, reflection coefficient, tabulated 
computations, 936, 939, 941 
Eccentric coaxial feeder, formulas, 403 
Echo, field value, compared with field value 
at distant reception point, 887 
long-time electromagnetic, 368 
Eckart, C., on refraction, 997 
Edge diffraction, 10388 
Effective cross sections, elementary field 
energy tubes, surface of medium 
separation, 793 
Effective electric and magnetic field associa- 
tions, in terms of power directivity, 
antenna array, 622 
Effective (equivalent) length, half-wave 
linear radiator, 192 
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Effective field, for one and two half-wave 
radiators, 630 
Effective field values, electric and magnetic, 
using electric and magnetic radiation 
vectors, 618 
Effective spherical primary wave cap, 1179— 
1180 
Ei (jz) and Ei (—ja) formulas, 658 
Einstein, A., velocity of energy propagation 
limit, 380 
Elasticity, electromagnetic, vacuum, 391 
Electric axial field value, circular wire 
radiator, different length, table, 755 
Electric charge, 21 
density, in terms of divergence, 23, 110, 
197 
moment, 157 
momentum per unit volume, 23 
in motion, 23 
Electric current, density, general case, 28, 
29 
linear, 65, 228-230, 233, 240-241, 299— 
300 
surface, 65, 228 
volume, 199, 227, 228 
Electric current element, between-field, 163, 
168-187 
directivity, 31 
distant radiation field, 163-187 
moment, of, 86, 159, 161, 1062 
aperture radiator, 1062 
near field, 163, 168-187 
relation for a space point, 611 
Electric current filament, 161 
Electric current moment, 162, 239 
compared with charge moment, 516 
Electric current sheet, 143, 323, 356, 1030, 
1089, 1093 
effect, opening of parabolic reflector, 1029 
self-radiation effect, 619 
Electric dipole, applied to linear radiator, 89 
compared with magnetic dipole, 153 
elementary, electric field components, 164 
field, begins with TM wave, while small- 
loop radiator (magnetic dipole) 
begins with TE wave, 293 
and magnetic dipole, applied, 156, 162, 
187 
general comparison, 144-194 
moment, 153 
neighborhood and between-field region, 
total field, 168-180 
power flow, 158 
radiated power, 159 
small, explores electric field distribution, 
156 4 
small vertical, 153 
two, 187-191 
Electric displacement, 12, 15, 16, 196 
Electric displacement current, 11, 15 
Electric distance, effect, elementary electrie 
and magnetic dipoles, 171, 182-183 
equivalent, 171 
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Electric double layer, 157 
potential, 157 
Electric doublet, 144, 153, 157, 159, 163 
charge moment, 162 
elementary case of linear radiator, 144 
summed up (integrated), 144 
(See also Doublet effect) 
Electric energy density, 120 
Electric field, 229 
axial, 307 
and characteristic wave 
Poynting vector, 36 
circulation, 11, 23, 101, 349 
components, computed from potential 
gradients, applied, 471-473 
contribution, 35 
and directivity formulas, cylindric metal 
surface radiator, 769 
earth crust, diffraction, 1066, 1074 
energy, 13 
explored by small electric dipole, 156 
formula, parallel with linear radiator, 664 
resultant space distribution, half-wave 
radiators, applied, 595 
space distribution, half-wave radiators, 
593 
forward tilt over ocean surface, 910 
front of half-wave radiator, metal plane 
reflector, formulas, 1004, 1005 
general finite dipole, formula, 533 
gliding, 71 
half-wave radiators, one and two, 630 
simple formula for measurements and 
calibrations, 533 
intensity, and directivity, half-wave radia- 
tion sections, partial radiation sup- 
pression, 559-562, 564 
and electric potential, flow function 
used, 302 
electromagnetic diffraction, 1066 
formulas, alignment of half-wave radia- 
tors, 585-586 
circular radiator, 749 
Hertz doublet, active and reactive 
terms, 516 
inphase and antiphase linear radiators, 
formulas, 579 
linear radiator, odd and even half-wave 
distributions, 544 
longer ranges, graphical solution, 930 
nm equal collinear antennas, formula, 
588 
radiation vector, frequency and dis- 
tance to field point, formula, 615 
Square root of power proportionality 
and inverse distance effect, free- 
space radiation, 874 
standing-wave distribution, n = 1,2,3, 
of single conductor, 463 
and surface charge, 65-67 
represented by magnetic current sheet, 
348 
maxima and minima, locations, 946-949 


impedance, 
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Electric field, maxima and minima, values, 
direct and ground-reflected rays, 876 
radiated, Lecher wires, 507 
received, over obstructions, 913-949 
relation, electric and magnetic vector 
potentials, 357 
forced electric field, 775 
resultant, large angle of wave incidence, 
943 
vertical and horizontal polarization, 
over wet earth crust, 941 
vertical polarization, 953 
simplification in terms of magnetic and 
electric vector potentials, 617 
space distribution of equal radiators, 594 
and surface charge relationship, for 
electromagnetic field, 65 
tubes as displacement current tubes, 74 
value, along axis of circular wire radiator, 
754 
half-wave radiator (stationary waves), 
463 
resultant, for reflections, 876 
single conductor, outgoing traveling 


wave, 463 
two parallel antiphase elementary 
radiators, compared with single 


radiator, 569 
Electric flux, 24, 65 
density, 24, 65, 196 
solenoidal condition, 313 
Electric ilumination, in plane wave front, 
1028 
Electric lines of force, 3, 95 
wave guide, 186 
Electric longitudinal waves, 381 
Electric and magnetic associations (effec- 
tive) for power directivity of antenna 
array or Poynting vector, 622 
Electric and magnetic current sheet, 348 
concepts, applied to Huygens wavelet 
source, 1089 
fictitious, 356 
mutual radiation effect, 619 
power directivity, 619 
Electric and magnetic currents, 11, 155, 157 
density distributions, radiated power, 
formulas, 620 
elements, application, 612 
basic space relation, 611 
Schelkunoff, 356, 361 
Electric and magnetic dipoles, 153 
actions compared, 161 
comparison, 144-194 
elementary, electric and magnetic field 
components, 163 
features, 180-187 
power flow, 158 
relations, comparisons, 161-165 
shells, 151-161 
(See also Electric dipole) 
Electric and magnetic doublet, formulas, 
applied, 165-168 
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Electric and magnetic field, boundary, 
plane of medium separation, 896 
computed from electric and magnetic, 
vector potentials, 229-240 
conditions, comparison of, 314 
gradients, 316 
integrals, and Poynting vector method, 
649 
magnitude, 39-45 
plane waves, field associations, plane of 
medium separation, 793 
Poynting vector field, 499 
radiation vector formulas, 615 
rectangular guide, beyond open end, 1126 
relations, general, include electric and 
magnetic vector potentials, 617 
incident, reflected and refracted fields, 
793 
values, found by equating coefficients of 
ambiguous sign, 335 
in presence of both electric and mag- 
netic vector potential actions, 617 
vectors, 296 
curl relations, Cartesian, 148 
cylindric, 148 
spherical, 149 
curl and vector analysis identities, 297 
waves, different mediums, 791 
Electric and magnetic guide circulations, 
1192 
Electric and magnetic lines 
biconical line, TM wave, 737 
cylindric, guide, 377 
and rectangular guide, 1191 
Lecher and concentric line, 403, 474 
Electric and magnetic polarizations vanish 
in empty space (vacuum), 196 
Electric and magnetic radiation vectors, 
609-620, 1090, 1091 
applied, 610 
definition of, 612 
integral formulas, 612 
Electric and magnetic vector potential, 
applied, 214-218, 1184 
compared, 356, 358 
dimensions in mks units, 224-225, 1247 
energy, 224-225 
formula, 216, 613 
method for & and H, 214 
general wave equation, 492 
relations, applied to electric 
elements, 612 
retarded, formulas, 218, 222-224, 226, 
227, 230, 231, 235, 253, 254, 257, 258, 
290, 300, 356, 358-360, 612, 613 
Electric path difference, 446 
Electric polarization, 153, 196, 221, 313 
contribution over vacuum, 196 
and magnetization potential, combined, 
312 
measure of, 153 
of medium, 313 
potential, 90 


of force, 


current 
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Electric potential, electric double layer, 157 
Electric potential gradient, 306 
method for finding electric field effects 
for slow time variation, 216 
Electric quadrupole, 153 
Electric radiation vector, application, 620 
guide diffraction, formula, 1129 
and magnetic radiation vector, 609-620, 
1090-1091 
relation, 613 
wave-front radiator, 1089 
Electric scalar, and magnetic vector poten- 
tial, 214 
potential, 244 
and Hertz potential gradient, 282 
Electric shell, 151, 157 
Electric space charge and assumed magnetic 
charge concentration compared, 358 
Electric spacing, 445 
Electric surface charge and electric field, 65 
Electric tangential field, interface of two 
mediums, 65 
Electric type field, relations, 314 
Electric vector, boundary conditions, 65 
waves, 796 
found from electric potential, and Hertz 
vector, 221 
and magnetic vector potential, 359 
longitudinal and transverse, 302 
(See also Vector) 
Electric vector potential, 214, 218, 224, 307, 
356 
retarded, 164, 300, 612 
for solving elementary magnetic dipole 
fields, 164 
(See also Electric and magnetic vector 
potential) 
Electricity conservation, 230 
Electromagnet and keeper compared to 
magnetic shell, 156 
Electromagnetic aperture, tangential wave 
front, 261, 1091, 1097, 1103, 1116, 1117, 
1120, 1128, 1126, 1128, 1144 
Electromagnetic average field power density, 
210 
Electromagnetic boundary conditions, 65, 
200, 307-309, 349-351, 377-379, 790, 
791, 802, 807, 896, 1036, 1184, 1185 
diffraction aperture, 1036 
wave guide, circular, 307 
general, 1204, 1205 
rectangular, 308, 309 
Electromagnetic catalyzer, 1127 
Electromagnetic constants, 4-7 
Electromagnetic density, 13, 25, 35, 112, 
118, 120, 122, 123, 133, 134 
Electromagnetic diffraction, 1018-1184 
Brewster dip on Cornu spiral, 1073 
Cornu spiral, 1073 
curves and formulas, 1074 
earth crust, spherical, 1069 
formula, Burrows-Gray, 1075 
Fraunhofer, 1089, 1093, 1094, 1137, 1148 


a 
| 


f 
: 


SUBJECT INDEX 


Electromagnetic diffraction, Fresnel, 1018— 
1086, 1098, 1094, 1150-1182 
obstacles, 1028 
pattern, wave function requirement, 1087 
patterns (field amplitude), 1097, 1103, 


1104, 1107 
sharp mountain-wedge obstruction, 1039, 
1051-1060 
Electromagnetic discontinuity, radiation, 
779 


Electromagnetic energy flux (Poynting), 
regarding surface divergence, 38 
Electromagnetic field, between-field zone, 
163, 168 
concentration, dissipative wave medium, 
117-143 
general, 25, 117-143 
medium, 3, 5, 34-35, 39, 117-138 
condenser radiation, 101 
contribution, 35 
and current, 3, 143 
summary, 143 
and directivity, two linear radiators, 569— 
571 
distant radiation zone, 163, 168-187 
and electric and magnetic dipoles, 144— 
194 
electric polarization derivation, 313 
ellipsoid of revolution, Abraham solution, 
552 
magnetic polarization 
derivation, 313 
meaning of retarded potentials and vec- 
tor potentials, 214-218 
in near zone, 163 
power, 210-214 
pure dielectric wave medium, real 
part yields Poynting vector, 75, 648, 
651 
teal part, dissipated heat power in 
dissipative wave medium, 53, 117, 
121-125, 130-132, 137, 140, 142 
transfer not possible from denser 
medium into less dense medium, 804— 
805, 817 
from radiation vectors, 615 
relations, 147-151, 200, 218-229, 249-258 
applied to closed circuit, 775 
vector addition applied, 870 
steady-state solutions, 1182 
two scalar wave functions, 219 
value, rectangular and circular wave- 
front radiator, Fresnel diffraction 
formula, 1170 
vectors from electric scalar and magnetic 
scalar potential, applied to antenna, 
229-240 
Electromagnetic field energy, 201-202, 205 
density, 120 
distribution, 133-138 
diverging from unit volume, 201 
instantaneous value, 133-138 
time rate, 201 


(magnetization) 
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Electromagnetic field energy, tubes, applied 
to regions with wave obstructions, 
791 
Electromagnetic flux, 25, 35, 64, 110, 123 
density, 25, 35 
divergence, 38, 108-111 
time rate, 25, 35, 37, 112, 122, 133 
Electromagnetic Fraunhofer patterns, cir- 
cular plane wave-front alignment, 1153 
Electromagnetic Fresnel and Fraunhofer 
patterns, conditions, 1082, 1083, 1089, 
1093, 1094, 1137 
Electromagnetic horn (see Horn, electro- 
magnetic) 
Electromagnetic Huygens wavelet radia- 
tors, primary wave front, 1089 
Electromagnetic index of refraction, 56 
complex, 56, 394, 802, 803, 817, 821 
height gradient, 988, 994 
real, 794, 799, 973, 980 
Electromagnetic leak, 964 
Electromagnetic lens, 1240-1242 
Electromagnetic line theory, based on elec- 
tric and magnetic field concepts, mag- 
netic vector potential and Hertz vector, 
493 
Electromagnetic merit (Q value) dissipative 
wave medium, 5, 52-56, 123, 127, 128, 
1214 
Electromagnetic mirror, 10, 798-824 
conductive (metallic), 10, 855, 863-867, 
912-928, 1016 
dielectric, 10, 791, 793, 798-800, 804-808, 
811-814, 817, 820 
dissipative (general), 10, 790, 796, 801— 
803, 823-829, 895 
Electromagnetic obstacle (wave) may cause 
secondary electromagnetic field, 314 
Electromagnetic polarization of electro- 
magnetic waves, 17, 549-552, 785-788, 
794-795, 882-885 
Electromagnetic power flowing out of space 
volume is equal to decrease of electro- 
magnetic field energy in the particular 
volume, 133 
Electromagnetic Poynting energy flux, un- 
obstructed wave medium, 505 
Electromagnetic properties of any medium, 
4-7, 17, 28-63, 70, 117-133, 138-143, 
973-997, 1214 
Electromagnetic radiation along spherical 
earth, 336-346 
Electromagnetic rays and wave obstruc- 
tions, 789-1017 
Electromagnetic rectangular primary wave- 
front radiator, Fresnel diffraction, 1166 
Electromagnetic reflector, 789-1017, 1240- 
1242 
Electromagnetic relations, additional, 1278— 
1279 
fundamental, 11, 144-151, 195-240, 249- 
261, 267-296, 300-336, 1275 
Electromagnetic theory, methods, 195-361 
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Electromagnetic wave, against dissipative 
dielectric, 56-63, 789-1184 
aperture location, 1080 
diffraction, 1065 
edge diffraction, 1019 
and Fresnel zone, 1022 
moving, 63-65 
near ground surface, 902 
obstacle, 314 
plane, (see Plane electromagnetic wave) 
polarization, 17, 549-552, 785-788, 794— 
824, 882-885 
customary concepts of, 17 
pure dielectric, 64 
Electromagnetic wave medium, conductive, 
metallic, 43, 45, 46, 48, 477, 863, 867, 
897, 918, 921, 922, 923, 926, 927, 1185, 
1196, 1199, 1203 
dielectric, 3, 5, 35, 41, 115-117 
imperfect (dissipative), 5, 17, 28, 29, 34- 
63, 70, 117-133, 138-143, 1214 
properties, 4-7, 17, 28-63, 70, 117-133, 
138-143, 973-997, 1214 


Electromagnetic wavelength, diffraction 
over large curved surface, 1101 
Electromagnetic wavelet source, phase 


factor, 1092 
Electron, bound, drift, escape, and free, 
152 
in conductor, 152 
general, 152 
potential barrier penetration, 997 
spin about an atom, related to ele- 
mentary magnets, 153 
and magnetic dipole effect, 153 
steady rotation about nucleus, 152 
Elementary aerials and small-loop aerials, 
571-573 
Elementary current circulation, magnetic 
moment, 157 
Elementary electric and magnetic dipole, 
comparison, 89, 144-194 
curl for computation of current density, 
30 
doublet, 157 
potential, electric double layer, 157 
radiation, field contributions, differential 
Lecher line section, 501 
radiation power, 158-161 
radiators, two, applied to Lecher wire 
feeders, 191-194 
scalar potential, Hertz doublet, 157 
(See also Electric dipole) 
Elementary field distributions, parallel-wire 
line with standing waves, 498 
Elementary function, wave function, spheri- 
cal coordinates, 322 
Elementary and guide wavelength, 969 
Elementary Hertz contribution, 90 
Elementary Hertz vector, contribution, 642 
linear differential radiator, and Hertzian 
doublet radiator, 90 
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Elementary isotropic radiator (singlet or 
point radiator), 7, 534 
compared with Hertz doublet and half- 
wave linear radiation pattern shape, 
534 
Elementary linear current radiator, electric 
field intensity, real and reactive terms, 
516 
Elementary linear radiator, as equiphase 
surface, 556 
field formulas applied to finite linear 
radiator, 540 
terms in near field, 553 
two, excited inphase and antiphase, ac- 
tions and formulas, 573-575 
Elementary magnetic and electric dipole 
(see Elementary electric and magnetic 
dipole) 
Elementary magnets, 153 
Elementary mesh, circulation, 155-156 
current and finite size current loop, 155 
Elementary radiators, 1, 7, 8, 86-92, 158 
formula, differential linear radiator, 86 
Hertz doublet, 86 
general remarks on, 86-92 
radiation resistance, 517 
-resultant length, Cartesian, cylindric and 
spherical coordinates, 145-147, 1274 
two a certain distance apart, analyzed, 


570 
with different spacings, polar patterns, 
571 
Elementary solid angle, 154, 626, 628, 
640 


and corresponding surface element on 
spherical wave front, 628 
for double layer, 154 
Elementary space, volume, 215 
volume radiator, 240 
Elementary surface ring, determining radia- 
tion content, linear differential radiator, 
87 
Elementary surface of spherical wave front, 
628 
Elementary wave function, value of g an 
integer, 333 
Elementary wavelet center, 1088 
Elevated refracting wave stratum, 997 
Elevations of radiator and pickup antenna 
systems, curves, 951 
Ellipse, confocal, applied, 551 
general, applied to near region of radiator, 
555 
of revolution, linear Abraham radiator, 
552 
Ellipsoidal circular and linear polarizations, 
near region, linear radiator, 551 
Ellipsoidal-hyperboloidal coordinates, wave- 
front application, 551 
Ellipsoidal wave front, 551 
Elliptic, general, circular and linear polar- 
ization, explanations, 549-550 


= 
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Elliptical polarization, 549-551, 785-788, 
798, 900 
arbitrary, vector | concept, 787—788 
cause of, 786 
different earth crust conditions, 900 
effect of, 857 


half-wave linear radiator, in near 
field, compared with polariza- 
tion of linear differential radiator, 
551 


reflection area in wave propagation, 1018 
Elliptical polarized plane wave, along Z 
direction of XYZ coordinate system, 
794 
Emf method, and classic Poynting vector 
method, field energy, 188-190, 192, 
235, 515-608, 648-651 
formulas, 648 


computation, elementary field power, 
advantage over Poynting vector 
method, 649 


radiated power, compared with Poynt- 
ing radiation, 188-190, 192, 235, 515, 
516, 608 
input antenna impedance, 649 
physical interpretation, 654 
radiation (useful radiation and _ inter- 
linked induction field), 188-190, 192, 
235, 515-516 
radiation paradox, 235, 515, 649 
useless local interlinked induction field, 
648 
Empty space, oscillation constant, 391 
End-fire beaming, 637 
and broadside beaming, 639 
formula for, 584 
line-up effect, 1089 
width of beam, 639 
Energy, acceleration, 3 
available, 116 
bound field, 3 
concentration, 115, 117, 118 
broadside, 679 
content, electric field, 11, 36, 120 
electromagnetic field, 11, 35, 63, 120 
magnetic field, 11, 36, 120 
continuity, for Poynting vector and cor- 
responding wave-front surface prod- 
ucts, 885 
deceleration, 3 
density, 35, 120 
distribution, formulas, 133 
escaping field, 23, 188-190, 192, 235, 261, 
515, 516 
flow, 23 
along guide, 1203 
guided TEM wave, 67-74 
moving electromagnetic field, 63-65 
flux in space (wave medium), 8, 11-13, 23, 
25, 36-38 
instantaneous, density, 115 
of pulse, 360 
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Energy, relations applied to, divergence 
concept, 108-111 
reflection and refraction, analysis, 792 
stream, across one-square-meter area, 37 
at surface, 65 
transfer, in guide and cutoff frequency, 
96, 123, 306, 359, 366, 385, 386, 480, 
1199 
tubes of electromagnetic field applied to 
regions with wave obstructions, 791 
Entrance, gap impedance, cylindric dipole, 
744 
and thin wire dipole, compared, 716 
hollow cylindric dipole, 741-742 
thin wire dipole, 650, 652-654, 656, 661, 
663, 670, 680, 682, 683-687, 690-692, 
695, 697, 701, 703, 705, 716, 1009, 
1013, 1014 
half-wave dipole, gap resistance, collinear 
alignment, 681 
Envelope, delay, fixed, 365 
time, of modulated space wave, 365 
motion and group velocity, 385 
time delay, 365 
Epsilon expansion, applied to 
magnetic waves, 173 
Epstein, P. S., on refraction, 997 
Equal inphase exciter currents, bilateral 
beaming, normal to alignment, 581 
Equal and natural phasing, linear radiator, 
547-549, 686 
Equal-phased linear radiators, in front, and 
reflector row, 638 
Equality frequency, 50 
dissipative wave medium, 50 
Equation, of continuity, interface of dif- 
ferent wave mediums, 65 
of energy balance, 230, 233 
of Maxwell, 11, 147-151, 200 
component, 147-151 
simplified, 150-151 
conditions for boundary, 65, 307, 309, 
350-357, 367, 791-794, 798, 799, 
802, 807, 809, 810, 896, 909, 910, 
1018, 1022, 1064, 1067, 1081-1082, 
1087, 1089, 1090, 1185, 1196 
conductor plane, 65, 350, 1067, 1185, 
1196 
dielectric interface plane, 351, 352, 
793, 799, 807, 809-810, 896 
electric and magnetic current sheets, 
353-357, 1018, 1020, 1029, 1089-— 
1090, 1126 
general dissipative wave medium, 
802, 896, 909, 910, 1018, 1022 
guide application, 791-794, 
1196, 1203 
reflection and refraction, 791-794, 
798, 802-803, 806, 807-808, 809, 
817, 822 
screen of wave-front aperture, 1020, 
1029, 1089, 1090 
wave (see Wave equation) 


electro- 


798, 
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Equatorial directivity, 29, 31 
formulas, different spacing and phasing of 
exciter currents of individual linear 
radiators in an alignment, 583-584 
linear, elementary radiator, 31 
radiators excited inphase and anti- 
phase, table and formula, 578 
Equiphase surface, 21 
formed by elementary radiator, 556 
Equipotential surface, 21 
Equivalence principle, 356, 1182 
generalization, 356 
Equivalent and actual length of line, com- 
pared, 518 
Equivalent conical line, 735 
Equivalent current sheets, 350, 352, 356 
Equivalent currents, 356 
Equivalent curved elementary path, inter- 
pretation, 986 
Equivalent delay angle and relative phase 
condition, 872 
Equivalent dielectric constant, 5, 17 
dissipative wave medium, frequency ef- 
fect, 47 
ionosphere, 979 
relative, 5, 851, 853 
Equivalent earth, curvature, 997 
concept, 1002 
radius, 1000 
equivalent curvature Perrnulaa, 1000 
relations to ray curvature and actual 
earth curvature, 991 
tropospheric, refraction, 347, 348 
wave propagation, 347, 348 
Equivalent electric distance effect, ele- 
mentary electric and magnetic dipole, 
171, 182-183 
Equivalent flat earth, 999 
and actual spherical earth, 
pared, 998 
two kinds of, 998 
Equivalent electromagnetic focusing lens, 
1083 
Equivalent Fraunhofer electromagnetic 
case, 1082 
Equivalent generalized concept, polarized 
waves, 787—788 
Equivalent generalized length, applications, 
788 
Equivalent height, elementary loop, 573 
Equivalent length, linear radiator, equal 
area procedure, 518 
graphical solution, 166 
half-wave, 166, 625 
numerical example, 166, 874 
Equivalent magnetic shell, 156 
Equivalent power directivity compared 
with actual power directivity, 630 
Equivalent pulse, 360 
Equivalent radio beam, 948 
Equivalent ray, curvature, preferred modi- 
fication, 1001 
traces, construction of, 1002 


rays com- 
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Equivalent spherical earth ray triangle, 999 
Euler constant, 465, 512, 717 
Gamma function, 1261 
Even half-wave distributions, Lecher radia- 
tor, radiated power, 506 
Even integral cosine function, Ci (x) ex- 
plained and defined, 717 
King theory, 713 
Even and odd _ half-wave distributions, 
linear radiator, directivity and electric 
field formulas, 544 
Excitation, half-wave linear radiator, 191 
Expansions, of sine and cosine functions 
applied to radiation, 782 
of wave impedance, 160, 245-249 
Experimental and mathematical sine curve 
conditions, correcting probe linearity, 
426 
Experimental standing-wave ratio, double 
line, 440 
Exponential function, and Bessel identity, 
749 
series expansion applied to Hertz doublet, 
516 
Exponential law, with distance, for solution 
of wave equation in true radiation field 
region, 334 
for wave propagation, 334 
Exponential series expansion applied to 
radiation, 173 
Exponential waves, 320 
Exterior product, or vector product, vector 
analysis, 197, 1268-1269 
External resistive and reactive components 
of self-impedance, cylindrical dipole, 
714 
Extinction, of reflected wave, 814-815 
of reflections of unpolarized wave by two 
successive reflections, 817 


F 


F circulation, 104-108, 349 : 
F(z,y) function, plane wave-front aperture, 
general case, 1154 
Factor A, in King theory for cylindric radia- 
tors, 710 
Factor Q, in King theory for cylindric radia- 
tors, 710, 711 
Farad per meter, unit explained, 65-67 
Faraday law of induction, 14, 103, 219 
applied to cylindrie dipole solutions 744 
Feed, main, 
radiators, 695 
Feeder, aperiodic, for J antenna, 702 
characteristic impedance, less or more 
than radiation resistance for half- 
wave dipole, 449 
well designed, 452 
input resistance, different gap loeaagel 
on linear radiator, equal and natural 
phasing, 686 at 


for three parallel half-wave | 
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Feeder, phasing, sending antenna, 191 
shielded and unshielded, characteristic 
impedance formulas, 403, 405 
shunting half-wave linear radiator gap, 
matching, 705 
Lecher wires, half-wave linear radiator, 


698 ; 
series and parallel, half-wave radiator, 
697 
single line (aperiodic), radiation re- 


sistance, 466—468 
supply, balanced and unbalanced con- 
version, 525 
tangential field components, 480 
Fermat’s law applied to electromagnetic 
ray, 983 
Ferrell, E. B., on wave ducts, 1238 
F erromagnetic wave medium containing 
iron deposits, 29 
Fictitious electric and magnetic current 
sheets, applied to wave-front radiator, 
1093 
Field, L. M., on traveling-wave tube, 417 
Field, between-region, 163, 168 
complementary wave, only in neighbor- 
hood of physical terminals, 494 
complete cancellation of, 10 
complex and current complex ratio re- 
lated to propagation constant, 364 
dissipative wave medium, 3, 36, 40, 42— 
56, 117-138 
distant radiation region, 3, 19} 163, 174 
electric (see Electric field) 
electric doublet, 8, 31, 32, 86, 152, 153, 
158-187 
electri¢ type, 229 
gliding, 71 
escape, 3 x 
half-wave dipole, 32 
magnetic (see Magnetic field) 
magnetic dipole, 152, 153, 158-187 
magnetic type, 229 
near-field region, 175 
next to radiator surface, 162, 164, 187, 
245 
possible within wave guide, 357 
of radio conductor, 3 
resultant, in neighborhood and between- 
field region of electric and magnetic 
dipoles, numerical, 168-187 
vertical and horizontal polarization 
over wet earth crust, 941 
for spaces with exciters, 296 
over spherical earth to field over plane 
earth ratio, 347 
stored, 3, 11, 25, 35, 52-56, 111-117 
total, in neighborhood and between-field 
region of electric and magnetic 
dipoles, numerical, 168-180 
transmitted, of a guide, 357 
of two elementary electric dipoles, 187 
of two linear differential radiators, 187 
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Field amplitude, decay within a copper 
wave medium, curves, 477 
and electromagnetic field energy, 1094 
pattern, computation, Fraunhofer, 1098 
and radiation intensity, disthibutions 
1085-1086 
Field concentration in a preferred direction, 
555, 623 
Field conditions, solenoidal, 198, 1273 
Field configurations, TE »,, patde waves, 
1187 
Field contour, 21 
Field distortion, 95 
Field effects, construction for Fresnel zones, 
1045 
electric, half-wave radiator, 533 
value, computed from scalar potential 
and Hertz vector contribution, 91 
electric doublet, 8, 31, 32, 86, 152, 153, 
158-187 
electric type, 229 
gliding, 71 
maxima, formulas for vertical and hori- 
zontal polarization, 967 
Field energy, available, 116 
collision in ionosphere, 979 
concentration, 117, 118, 133 
density in joules/m3, 118 
distribution, 133-138 
several slot aperture radiators, 1125 
electric, 11, 13 
electromagnetic, Lists 
first Fresnel zone, 1024 
fluctuations, due to reinforcements and 
destructive wave interference, 1038 
heat loss (space dissipation) in wave prop- 
agation and useful radiation energy, 
119 
instantaneous, 133 
magnetic, 11, 13 
in motion, 64 
relations, 25, 35-39, 52-56, 63-65, 67, 71, 
101, 103, 108, 111-128, 130-138 
transfer, guide, 1185 
and wave front, 10 
traveling and stationary waves, 111-117 
tubes, applied to regions with wave ob- 
structions, 791 
Field fluctuation, 1038 
and decay, diffraction, 1048 
Field formulas, electric and magnetic, TE 
and TM guided waves, 1200 
resultant space wave, earth crust reflec- 
tion, 962 
Field-free sources and sinks, 300 
Field gain, over half-wave radiator when 
reflector is present, 1004 
of radiator, 620 
Field illumination, 1037 
Field intensity, 4, 11-12, 37, 39-44, 64, 66, 
71, 75, 78, 82, 86, 87, 89, 91, 93, 95, 98, 
101-105 
caused by primary wave front, 1023 
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Field intensity, due to diffraction, 346 
electric, Hertz doublet, active and reac- 
tive terms, 516 
elementary spherical zone, 1023 
formula for distances over plane earth, 
870 
free-field value, 10 
linear primary radiator, diffraction, 1178 
and radiation resistance, standing- and 
stationary-wave excitation, along 
linear conductor, 461-465 
Field magnitudes and relative phases, for 
dielectric and dissipative wave medium, 
39 
Field maxima and minima, 946-949 
altitude of reception center for a given 
fixed radiation center, 950 
conditions, 888 
formulas for diffraction, 1038 
in unobstructed but general field decay in 
obstructed field region, diffraction, 
1050 
Field patterns, concentric line, 95 
Fraunhofer, 784 
Fresnel, 784 
in guide, 95, 260 
linear radiator, with partial radiation 
suppression, notes on, 557 
on reference metal plane, 866-867 
linear vertical radiator, on horizontal 
metal plane, 863-867 
parallel wires, Lecher line, 95 
polar (see Polar field patterns) 
rectilinear and curved, 1003 
Field penetration, into radio conductor, 3 
of wave, 16, 45, 477, 1196-1199 
Field point close to parallel-wire radiator, 
488 
Field power, advantages in db for antenna 
array, 621 
density, average value, 210 
gain, antenna array, 620 


maximum available in unit space volume, . 


37 
Field ratio, for plane metal reflector, 1005 
and power ratio, several turnstile bays, 
621 
Field reference value at one meter distance, 
870 
Field relation, for sharp-edge obstruction, 
1046 
for space with exciters, 296-297 
for stationary waves, 115, 116 
for traveling wave, computed total elec- 
tromagnetic field concentration and 
velocity, 112, 113 
Field values received, vertical and horizon- 
tal polarizations, 880 
Field vector, auxiliary, 222, 312, 1238-1240, 
1248, 1275-1276 
common, 312, 315, 334, 335 
complex, 220 
curl, 15 
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Filament radiator, 8 
Fine conical dipole, 742 
First Fresnel zone, 1018 
Fitzgerald vector, 153, 219, 222, 312 
depends on magnetic polarization, 219, 
222, 313, 1238-1240, 1248, 1275-1276 
and Hertz vector combined, 312 
applied to wave-duct theory, 
1240 
magnetization potential, for electromag- 
netic solutions, 219-222 
Fixed and variable factor of phase, 612 
Flare, electromagnetic horn, 1184 
Flat distribution, 441 
Flat earth crust, propagation conditions, 
930 
requirement, 872 
and spherical earth, compared with re- 
spect to wave spread, 887 
Flat single feed line and half-wave radiator, 
matching joint, 466 
Flow density, 104-108, 349 
applied to current sheets, 349 
and curl of vector, 104 
Flow function, 301-302, 306-310 
and electric scalar potential, 
302 
for field in planes parallel with the X Y 
plane, 302, 306 
for fixed field in XY plane, 302 
form of, of field in parallel planes, 302 
® volt, 306 
W ampere, 306 
W expresses field, 302 
related to current density of Poisson 
equation, 301 
satisfies wave equation, 302 
voltage and current functions, 104-106, 
110 : 
Flux, electric, 11, 12, 196 
magnetic, 11, 196 
Flux density, 11 
relations applied to boundary between 
different mediums, 351 
FM and PM, phase and group velocity, 371 
side bands, 399 
FM wave and phase and group velocity, 
369 
Focal linear radiator, 1028 
Focusing lens and electromagnetic equiva- 
lent, 1082, 1083 
Folded and half-wave dipole dimensions, 
1285-1287 
Folding dipole, dimensions for short-wave 
channel assignment, 1287 
gap termination, 662 
Force, electric, 3 
magnetic, 3 
moving charge, 152, 153 
two charges separated, 215 
Form factor, linear radiator, 1012 
over metal plane, 1016-1017 
reference current dependency, 1016 


1236- 


formula, 
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Formulas, converting curvilinear references 
into electromagnetic Cartesian, cylin- 
dric, and spherical coordinate rela- 
tions, 146-151 

equatorial directivity, different spacings 
and phasings of radiator currents in 
alignment, 583-584 

line propagation, 363 

Forward and backward radiation, 638-639 

Forward beaming and slot separation, 
wave-front radiators, 1121 

Forward electric vector tilt, and polariza- 
tion (elliptic), curves for different 
earth crust conditions, 900 

Forward factor, angles smaller than four 
degrees, 1158 

diffraction, numeric, 1108, 1122 
significance near direct forward direction, 
1033 

Forward-moving wave, 76 

Forward-thrust factor, in beaming, 601, 603 

linear antenna array, 603 - 

Forward tilt, 958 

of electric field vector, ocean surface, 
tabulated, 910 

Forward-traveling wave, 333, 337 

Forward wavelet effect, 1135 

Foster, R. M., antenna arrays, 594 

Fractional order, Bessel function, 322, 323, 


332 
Frame antenna, 572 
Frank, P., and R. Mises, ‘“Differenzial 


Gleichungen der Mechanik und 
Physik,’’ 1281 
Fraunhofer diffractivity, N circular aper- 
ture radiators, 1150 
Fraunhofer and Fresnel diffraction, rec- 
tangular aperture slot, 1110 
Fraunhofer patterns, 784, 1082, 1093 
field amplitude, circular wave-front 
radiator, 1143 
and rectangular wave fronts com- 
pared, 1144, 1145 
field amplitude diffraction, 1083, 1097, 
11038, 1104, 1107, 1119-1128, 1137, 
1139, 1141-1148 
functions, field amplitude 
energy, 1094 
general formula, 1120 
Free-field intensity, 10 
Free-space equivalence theorem, relations, 
357 
Free-space field intensity, 346, 871 
Free-space pattern and polar meridian 
patterns, 866 
Freehafer, J. E., on wave ducts, 1237 
Frequency, 19, 49-52, 162 
dependency of wave obstacle, 143 
height product, significance in wave 
propagation in space, 932, 956 
and phase velocity, 394 
resonance, cavity, 1234 


and field 
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Frequency, resonance, slot, same as for 
linear half-wave radiator, 1036 
and wavelength, applied, 789 
Frequency effect, 394-401 
closed-circuit and delayed mutual ac- 
tions, 777 
components of total current density in a 
definite direction, 30 
dissipative wave medium, 36, 42, 43 
equivalent dielectric constant, 47 
phase velocity, dispersive wave medium, 
389 
power loss in guide wall, 1210 
resultant field maxima and minima, 
curves, 951 
standing space wave patterns over earth 
crust, 949 
Frequency equality, 50 
operating, wave guide, 384 
spectrum and phase and group velocity, 
371 
wobble method, 929 
Fresnel diffraction, electromagnetic rec- 
tangular primary wave-front radiator, 
1160 
half- and full-wavelength widths, rec- 
tangular aperture, curves, computa- 
tions, 1167 
Fresnel directivity, formula, 
wave-front radiator, 1162 
Fresnel equations, first and second, 811 
Fresnel formula, classic, 814 
of optics, 814 
for perfect dielectric mediums, 810-812 
Fresnel integrals, applied, 1045 
C2(s) and S?(s), formulas, 1172 
complex, 1064 
and Cornu spiral procedure, 1041 
curves, area procedure, 1044 
equations, 1041-1044 
Fresnel magnitudes of zonal areas, plane 
wave front, 1027 
Fresnel patterns, 1082, 1083, 1093, 1094, 
1150 
computations tabulated, 1164 
electromagnetic, 784 
and Fraunhofer patterns, 1182 
cap (first zone), 1172 
C(s) and S(s) functions, formulas, and 
curves, 1166 . 
Fresnel relations of reflections and refrac- 
_tions applied to radio waves, 790-796 
Fresnel theory, assumes plane wave front, 
1034 
Fresnel wave interference, 1019 
explanation, refers to pure wave phe- 
nomenon, 1019 
Fresnel wavelet summations, effects with 
respect to amplitude and phase, 1159 
Fresnel zones, on advancing wave front, 
1022 
applied to electromagnetic waves, 1022 


rectangular 
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Fresnel zones, consecutive effects, 1171 
consecutive radii, 1023 
field contribution, 1176 
first, field energy, 1024 
zonal step, 1045 
and half-wavelength step, 1022 
resultant effects, 1045 
significance, applied to circular electro- 
magnetic wave-front radiator, 1170 
square-root numbers for radii, 1024 
zonal areas, magnitudes, 1024, 1025 
zonal rings, 1026 
Friis, H. T., and W. D. Lewis, scanning 
aberrations, 1241 
Function, of position, 18, 19 
of time, 18 
wave (see Wave function) 
Fundamental concepts of currents and 
fields, 3-143 
Fundamental methods in electromagnetic 
theory, 144-361 
Furry, W. H., on wave-duct theory, 1237 


G 


G and F functions, fine conical half-wave 
dipole, 740-741 
Gain, aerial, for equipartition, 640 
antenna, and directivity, 620 
Bruce rhombic or diamond antenna, 458 
directive antennas, factors affecting, 594 
electromagnetic horn, 1184 
absolute, 1184 
field of radiator, 620 
formula, radiator systems, application, 
627-641 
half-wave dipole with reflector, curves, 
1008 
measurements and isotropic point-source 
radiator, 8 
and radiation advantage, 623-624 
differential linear radiator, 624 
Gamma function, 331, 1256-1264 
applied, 1256-1264 
curves, 1260, 1262 
formulas, 1255-1265 
and Gauss function, 331, 1256-1264 
applied, circular radiator, 756—759 
formulas, 331, 1255-1265 
negative arguments, 1262 
numerical applications, 1258-1265 
positive arguments, 1260 
table, 1257, 1261, 1263 
Gap impedance, dipole, 652, 653, 657, 663, 
664, 670, 690, 691, 692, 698, 701, 
1009, 1013 
active resistance, formula, 663, 670, 684 
numeric, 670, 671, 673, 675-677, 680, 
682, 692-693, 695-696, 698, 1009, 
1013 
reactive, formula, 663, 670 
numeric, 670 
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Gap resistance dipole, also different gap 
(feeder) locations, numeric values, 
670, 671, 673-677, 680—687, 1008-1014 
with reflector, 1008-1014 
Gap termination line-up, parallel inphase 
halfwave dipoles, 687 
and antiphase dipoles, 675 
total radiation resistance, 676 
Gas constant per mole, 974 
Gate radiator, 1173 
conditions, 1174 
Gauss function, 331, 1255-1265 
and Gamma functions, 331, 1255-1265 
applied to circular radiator, 756-759 
formulas, 331, 1255-1265 
Gauss law, 25, 352 
and Gauss theorem, applied to divergence 
concept, 108-111 
Gauss relation for space charge, 197 
Gauss theorem, 22, 24, 25, 120, 122, 196 
applied, 121 
Gauss transformation, volume into surface 
integral, 122 
Gauss unit, 7, 1243, 1252 
and egs units, 7, 1243, 1252 
General Bessel and Neumann functions, 304 
General dissipative wave medium (see Gen- 
eral wave medium, dissipative) 
General ellipse, equation near field, 555 
half-wave radiator, near field, elliptical 
polarized, 551 ‘: 
General field relations, 319 
General integral, of general Bessel and Neu- 
mann functions, 304 
of Zn(x) function, 304 
General Maxwell curl equations, reference 
orthogonal curvilinear coordinates, 147 
General Maxwell electromagnetic field prop- 
erty equations, 151 
General radiation formula, 592-595 
space distribution, linear radiators, 592— 
595 
Schelkunoff, 357-360, 609 
General wave equation, 311, 318-321, 3235 
324, 336 
including electromagnetic refraction, 319 
spherical coordinates, 325 
using Hertz function, 336 
General wave function, compared with wave 
function of electromagnetic waves, 1176 
General wave medium, dispersive and non- 
dispersive formulas compared, 399 


dissipative, 3-7, 12-17, 28-31, 33-63, 


117-143 
like leaky space dielectric, 840 
orientation of cubic meter of space, 33° 
phase factor, refracted wave, 796-826 
extreme cases for conduction and dis- 
placement currents, 396 
propagation constant, 58 
reflection curves, 858 
Generalized curvilinear orthogonal coordi- 
nates, 144-147, 151, 215 
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Generalized electrical length Q and charac- 
teristic impedance, double line, formu- 
las, 410 
Q@ =1T, by means of open-ended and 
short-circuited double-line measure- 
ments, 410 
Generalized equivalent length, applications, 
788 . 
concept, polarized wave, 787-788 
Generalized line angle, 372 
Generalized refraction, 803 
Snell’s law, 802, 803 
Geometric progression, applied, to antenna 
array, 447 
to direction factor of arrays, 447 
Geometric shadow limit, 1072 
Geometric shadow region, 6, 17, 346 
curved earth crust and line of sight, 871 
diffraction, 6, 17, 784, 1039, 1040, 1048, 
1050, 1052-1053, 1055-1060 
reached by ray bending, 987 
Geometrical attenuation, 886 
or wave spread, 886 
Geometrical line of sight, 887 
Giorgi mks units, 4, 7, 195, 1243 
compared with cgs units, 1252 
Gliding electric field, 71 
Good conductor, characteristic wave im- 
pedance of conductor wave medium, 43 
Grad, of point function, 1271-1272 
of potential, 21, 1271-1274 
of scalar field, 1271-1274 
Grad div., nomenclature in vector analysis, 
313, 642, 1272-1273 
used in solution, 257, 1273-1274 
Gradient, atmospheric index of refraction, 
6, 56-63, 973-997 
constant value, 998 
and curvature of radio beam, 976 
components, Cartesian, 22, 1270-1272 
cylindric, 1271, 1274 
spherical, 1271, 1274 
definition of, 21-22 
dielectric constant, troposphere, 969-997 
in wave medium causes curved wave 
path, 370-371 
dissipative wave medium, 854 
electric potential, 306 
general, 11, 20, 21, 301, 1269 
humidity and temperature effect, 143, 
969-977 
magnetic potential, 306 
tropospheric refractive index, positive or 
negative, 987 
a vector function, 21 
Graphical interpretation of 
tegrals, 1043 
Graphical method for average directivity, 
632 
Graphical solution, for complex coefficient 
of reflection, 843 
for Déavg?, 630 
for direct and ground reflected rays, 930 


Fresnel in- 
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Grazing wave incidence, reflection coeffi- 
cient, 860, 948 
Green function, applied to ring-slit circular- 


aperture diffraction radiator, 1280- 
1283 
Green theorem, applied, 490, 656, 1087, 
1279-1283 


to coupled linear radiators, 656 
in Kirchhoff solution for diffraction, 
1061 
to linear radiator, 656 
to parallel-wire radiation effect, 490 
symmetrical, 1279 
various forms, 311, 1061, 1087, 1279 
Ground, actual and perfect, radiation pat- 
terns, 912-928 
conditions, perfect, 915 
earth crust, 4-5, 10, 28, 47, 50 
dry soil, 5, 46 
ocean water, 5, 6, 41, 47-49, 52, 54 
rivers and lakes, 5 
rocky soil, 5, 12, 57, 62 
wet soil, 5, 57, 62, 47 
effect, Brewster angle and dip, 860 
on radiation, 899-958 
reflection, different earth crusts, 796-832, 
834, 835, 842, 843, 845, 848, 849, 


851, 852, 855, 858, 860, 868, 870 
877, 881, 884, 887, 895, 900, 910, 
911, 917, 918, 920, 921, 923, 926- 
927, 930, 933, 941, 942, 944, 949, 


951, 956, 957, 959, 965 
reflection coefficient, dry soil, 836 
ocean, 836, 852 
wet ground, tabulated computations, 
833, 834 
surface wave, 899-912 
Group characteristic, and alignment for- 
mulas, collinear antennas, 586-589 
linear radiators, found from resultant 
chord of graphical solution, 582 
and characteristic of one-slot radiator, 
1124 
derivation and formula, n equal collinear 
radiators, 587 
for directivity, 595 
geometrical progression solution, 582 
inphase and antiphase excitations, linear 
radiators, 579 
n-linear radiators aligned, 581 
unequal spaced radiators, 606 
Group factor, total directivity, 593 
Group moved as a whole, 387 
Group and phase velocity, 50, 366-401 
applications to guide modes, 380-385 
curves, wave guide, 384 
details, 380 
formulas applied to cylindrical wave 
guides, 378-379 
illustrated, 369, 371 
interrelation, wave guides, 384 
relative magnitudes, 366 
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Group radiation characteristic, 579, 580, 
582, 583, 586, 587, 588, 589, 593, 1092, 
1093, 1094, 1115 

Group velocity, 366, 368-379 

cannot always be taken as velocity of 
wave power transfer, 366-367 

differs from phase velocity only in dis- 
persive mediums, 366 

formula, 366 

no longer applies to single pulse, 389 

paradox, for which c’” may exceed c, 366 

Guide, attenuator, 1193 

boundary conditions, 307-309, 1185 

circular and rectangular, formulas, 260— 
270, 304-310, 374-385, 1190 

(See also Circular guide, Rectangular 

guide) 

elementary wavelength, 969 

energy flow along, 1203 

high-pass feeder, 1193 

mode, phase and group velocity, propa- 
gation constant and cutoff frequency, 
380-385 

power flow along, 1199-1217 

radiator, 261, 1126-1128 

formulas, 1126-1136 

rectangular (see Rectangular guide) 

ribbon line as, 68 

slot apertures, 1116 

and transmission line, 
absorption, 480 

wave (see Wave guide) 

Guide action, 95 

dielectric, between boundary planes, 964 
missing central conductor portion, con- 
centric line, 95 
near and along earth surface, 959 
due to tilted electric field vector, 900 
Guide wavelength, along guide, 305, 378, 
1186, 1187 
and elementary wavelength compared, 
969 
rectangular and circular cross sections, 
305 
compared with unbounded wavelength 
of inside guide medium, 305 
TE and TM excitations, 305 
Guided radiation, along nm parallel conduc- 
tors, 469 
resistance, 474 
Guided surface wave, 903 
conditions, 958 

Guided TEm,o wave and zigzag uniform 
plane wave, 967 

Guided TEM wave, 67-73 

Gyration and polarization, 786 


metallic energy 


H 


H circulation, 14, 139, 349 
H field represented by electric current 
sheet, 348 


SHORT-WAVE RADIATION PHENOMENA 


H waves, 212 
longitudinal, 381 
Ho and Ho symbols, 339 
H»,o and Ho,» waves, 382 
H dl circulations, 139 
Ho functions, 304, 323, 330 
Half-wave antenna, normal and parallel to 
metal reflector, 926, 927 
Half-wave cylindrical dipole, formulas, gap 
impedance, King theory and classical 
dipole theory compared, 716 
Half-wave curtain arrays, driven inphase, 
different beam width in vertical and 
horizontal planes, 604 
Half-wave dipole, antiphase excitation 
method, 576 
array, radiation gain, referred to maxi- 
mum field value, of a single half-wave 
radiator, 620 
entrance impedance, Hallén, King, and 
classical sinusoidal current distribu- 
tions compared, 727 
excitations regarding current phase, 576 
feeders, characteristic impedance more or 
less than radiation resistance, 449 
formulas, 1286 
inphase, in curtain, gap terminations, 687 
excitation method, 576 
and reflector, optimum gain dimensions, 
1287 
Half-wave end radiators, partial radiation 
suppression, 558 
Half-wave filament radiator (thin radiator), 
conditions, 767 
Half-wave Fresnel zone step, difference of 
average values, 1025 
Half-wave horizontal dipole curtain, 590 
Half-wave inphase radiator sections, con- 
centric line feeder, half-wave internal 
conductor exposures, 566 
Half-wave Lecher wire radiation, 193-194 
Half-wave linear radiator, 551, 938 
computations, amplitude and power direc- 
tivity, 535 
directivity, 535 
in front of quasi-perfect reflector, 1003 
Lecher wire feeders, 698 
over metal plane, 923 
radiation advantage, 629-630 
section, coaxial and parallel-line conver- 
sion, 526 
shunt-fed, for matching, 705 
Half-wave radiators, 9, 32 
alignment, collinear, and curtains, formu- 
las and numerical application, 671— 
684 
directivity and electric field formulas, 
585-586 
entrance gap resistances, 681 
alternate mounting, and quarter-wave- 
length sleeves, 703 
amplitude and power directivity, table, 
535 
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Half-wave radiators, average value of power 
directivity, 630 
collinear, natural and equal phasing, for- 
mulas, 677 
curtain, computation, various radiation 
resistances, 682 
numerical application, 599-605 
directivity, 32, 534 
electric, field and directivity formulas, 
578 
field formula, 533 
field value, standing waves, 463 
end feed, quarter- and half-wave Lecher 
line, 698 
equivalent length, 625 
fed by aperiodic feeder, single line, 466 
front and backup alignment and phasing, 
602 
inphase and in parallel, radiation resist- 
ance, 673-674 
lattice structure, space distribution, 592 
meridian directivity, 625 
mutual effects, computations, 696 
in neighborhood of metal reflector, 1012 
orientation effect, 595 
parallel, identical, alternate antiphase 
excitations, radiation resistance, 675 
power directivity, compared with iso- 
tropic radiator, 630 
radiation advantage and gain, 624-625 
radiation resistance, 192, 251 
is 120(Do?)avg, 538 
unobstructed radiation space, 251 
reflector and front alignments, 602 
series and parallel feed, 697 
single, cempared with two radiators, 
633 
three, common feeding conditions, 695 
two, mutual radiation effects, resistance 
and reactance, formulas and table, 
670-671 
in parallel, numerical calculations for 
Ci functions, 669 
vertical, over wet soil, altitude effect, 
939 
Half-wave reflection jump, 951 
Half-wave spaced radiation effects, 703 
Half-wave vertical dipole curtain, 590 
Half-wavelength phase jump, reflection 
coefficient, 9381, 933, 9384 
Half-wavelength step, Fresnel zones, 1022 
Half-wavelength and quarter-wavelength 
sections and aperiodic feeder, 699 
Hallén distribution, 709 
Hallén and King theory, first and second 
fundamental relations, 710 
Hallén method, simplified, 718 
Hallén model, field distribution and shape 
of radiator, 709 
Hallén and Oseen theories, cylindric radia- 
tors, 705 
Hamiltonian nable operator, 22, 198, 1271— 
1272 


1341 


Hankel functions, 295, 323, 333, 339, 343 
applied, 479 
boundary conditions, circular guide, 
1232 é 
Bessel functions of third kind, 339 
second, applied to dipole cone theory, 
739 
spherical, 332 
traveling waves, 333 
zero-order, 339 
Harrison, C. W., polarized field of arbitrary 
polarization, 787 
Hartree, D. R., on wave duct, 1237 
H dl circulations, 139 
Heat loss, coaxial line, 482 
metal plate, computed from surface re- 
sistance, 1196-1199 
wave guide, dielectric, 1214-1217 
metal wall, 1203-1214 
Heaviside, O., electromagnetic units, sym- 
metrical forms, 221 
Height effect, antenna over reflector, 922 
characteristic functions, vertical and hori- 
zontal polarizations, 921 
linear antenna, over actual ground, differ- 
ent wave incidences and general 
polarization, 881—885 
Height-frequency product, relation to an- 
tenna pattern, 956 
significance in space propagation, 928-932 
Height-gain, calculations, optical region of 
electromagnetic waves, 997 
factor, vertical and horizontal polariza- 
tion, curves, 1080 
function, wave duct, 1240 
Helical polarization of wave, 786 
Helical space propagation, 786 
Henry per meter, unit explained, 65-67 
Hertz doublet, 8, 31, 86, 89, 90, 144, 153, 
157-161, 163-165, 168-187, 241, 243 
application of series expansion of expo- 
nential function, 516 
and differential linear radiator, formulas, 
242 
directivity, 8, 535 
compared with half-wave and point- 
source (singlet) radiator, 524 
electric field intensity, active and reac- 
tive, 516 
elementary, Hertz vector contribution, 90 
electric scalar potential, 157 ‘ 
and elementary linear radiator, applied to 
linear antenna and compared, 343 
compared, 243, 245, 873 
field formulas, in inverse distance 
terms, 244 
and wave resistance, distant radia- 
tion region, 241 
field pickup points close to radiator, 
245 
wave impedance at any distance, 245— 
249 
fields and stimulating doublet charges, 89 
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Hertz doublet, and Fitzgerald vector, applied 
to wave duct, 1238 
combined, 312, 1275 
independent from each other 
separable, 314, 1275-1276 
moment, 179 
radiation, advantage and gain, 624 
resistance, 160-161 
radiator, 8, 89, 938 
derivations and formulas, 86, 516-517 
wave impedance, 160 
Hertz function, a meter-volt concept, 283 
Hertz potential, 90-92, 153, 218 
general wave equation, 492 
and magnetic vector potential interre- 
lated, 290 
spherical coordinates, 273, 336 
wave equation, wave duct, 1238 
Hertz radiation from lines, 493 
Hertz solution, elementary space radiator, 
273-283 
Hertz vector, 153, 218, 219, 222, 249, 258, 
312, 336-339, 342-345, 642-644, 658, 
1238-1240, 1248, 1275, 1276 
application, Kirchhoff wave equation, 
258-270 
components, 268 
in space, 268 
computation of electric field of radiator, 
657-658 
electric current density, 252 
electric polarization dependency, 313 
electric polarization potential, electro- 
magnetic field solutions, 219 
elementary, 642 
formulas, 249-258 
general wave equation, 
ordinates, 336 
incident and reflected portions, 1072 
magnetic vector potential, 221-222, 252 
method for fields, linear radiator, 235 


[I. complex, 312 


primary and secondary portions, applied, 
338 
electromagnetic diffraction, earth crust, 
1068 
solving, elementary space radiator, 273— 
283 
linear antenna problems, 642 
space point, outside spherical earth sur- 
; face, 344 
total, 338 
spherical earth, 1068 
used in wave equation, 273 
and wave motion, 337 
Heterogenous wave line, different propaga- 
tion properties from current and 
charge, 496 
HF line, common assumptions, 412-416 
driving impedance, 409 
matched, formulas for attenuation, 414 


and 


spherical co- 
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High-angle radiation, 620 
High and low impedance points, Lecher 
line, 698 
High and low impedance terminations, 
lines applied, 527 
Higher harmonic excitation, linear radiator, 
538 
Hollow cylinder, radiation conditions, 766 
Hollow cylindrical dipole, input resistance 
and reactance, characteristic imped- 
ances, 742 
Hollow guide, displacement currents and 
electric lines, 1186 
Poynting vector, 1199 
Homing radio beam, 56 
Homogeneous potential wave line, like cur- 
rent and charge waves, 496 
Horizontal antenna, 917 
Horizontal current loop, magnetic dipole, 
153 
Horizontal half-wave dipole curtain, 590 
Horizontal linear radiator, quasi-perfect 
and actual earth crust, 918 
Horizontal polarization, 28, 551 
no angle of wave incidence, total refrac- 
tion into dielectric medium, 815 
over wet soil at 100 Me/sec, tabulated, 
954 
path triangle, 877 
reflection coefficient, actual values, 829— 
839 * 
wave transmission over wet soil, 936 
(See also Horizontal and vertical polari- 
zation) 
Horizontal polarized wave, 28 
Horizontal slot aperture, vertically polarized 
waves caused by, 1036 
Horizontal and vertical linear receiving an- 
tennas compared, 793 
Horizontal and vertical polarization, 794 
actual and image antenna currents, 845- 
853 
actual and perfect earth crust, 912-928 
arriving wave, down-coming, due to 
ground-reflected and direct effects, 
797 
characteristic functions, 921 
comparative derivations, wave reflection 
and refraction, 798-824 
defined, 17, 796 
exact definition (Fig. 220), 796, 798 
step 1, 798 
height-gain factor, curves, 1080 
magnitude and phase, complex reflection 
coefficient, 843 
for different wave incidence, 855 
over flat ground, compared, 876-880 
phase lag, 860 
reflecting plane of medium separation, 
797 
reflection coefficient, 
829-830 
relative image current curves, 849 


general formulas, 
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Horizontal and vertical width of radio 
beam, 604 
Horn, conical, 1182-1184 
electromagnetic, 31, 1132-1184 
apex of, 1184 
Cornu spiral and Fresnel integrals, 
1045 
effective area, 1184 
gain, 1184 
guide matching, 1221 
mouth, field condition, 784 
optimum, 1184 
pyramidal, 1183 
radiator and current sheets, 357 
rectangular, 1182-1183 
Humid atmosphere, 974 
Humidity decrease and temperature in- 
crease, 969-977, 981-997 
Humidity effect, troposphere, 970 
Huygens elementary diffraction radiator, 
1089-1091 
Huygens elementary 
vectors, 1090 
Huygens elementary wavelet source, 1092 
Huygens factor, 1062, 1089, 1095, 1096, 
1102, 1105, 1108, 1113, 1118, 1119, 
1122, 1188, 1141, 1142, 1146 
forward, effect, 1062 
main beaming, 1034 
generalized, wave-guide diffraction, 1135 
Huygens-Fresnel wavelet effect, 1021 
Huygens-Kirchhoff factor, vanishes, 1096 
Huygens principle, 17, 1019 
Huygens radiation intensity, 1091 
_ Huygens radiators, 1094 
Huygens wavelet, 17, 1021 
center, and wavelets, 1020-1022, 1037, 
1040, 1089 
method, electromagnetic diffraction (P. 8. 
Epstein), 1066 
Hybrid TEM wave, definition, 94 
Hygrometric and barometric tables, 975 
Hyperbola, confocal, applied, 551 
Hypergeometric functions, 327 
and Legendre functions, applied to inte- 
gral equations, potential theory, 327 
x = cos 0, applied, 328 
Hypergeometric series, 327 
convergence for values 
unity, 328 
Hypothetical field reference value, 938 
Hypothetical point radiator (singlet), 611 
Hypothetical symmetry of curls of electric 
and magnetic field vectors, 16 


radiator, 


smaller than 


I 


Iams, H., and H. B. Devore, on microwave 
optics between parallel conducting 
sheets, 1241 


Ice, dielectric constant, 395 


radiation 
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Identity, of curl of cross product electric or 
magnetic vector, vector analysis 
notation, 26 

of curl and rot notation, 198 
div (8 X H) = Heuwl& — curl H, 201- 
203 
of g(q + 1), 338 
in vector analysis and divergence nota- 
tion, 198 
Image, antenna, 830 
effects, 929-930, 933, 944 
of aerials, 830 
blurred, 822, 850 
electric current sheet, 360 
negative and positive, 360 
surface, 360 
magnetic current sheet (surface), 360 
ray, 932 
relative antenna current, curves, vertical 
and horizontal polarization, 849 
Image and actual antenna currents, 830 
vector addition, 848 
vertical and horizontal polarization, 845- 
853 
Imaginary angles, corresponding to ampli- 
tude decay in perfect dielectric wave 
medium, 805 
interpreted, 61 
Imaginary currents, aperture mouth, para- 
bolic reflector, 1028 
Imaginary reception plane, 1021 
Impedance, characteristic (see Character- 
istic impedance) 
concept (Schelkunoff), electromagnetic 
wave, moving in medium, 4, 7, 36, 
39-45 
converters, quarter-wavelength type, 698 
current and voltage, driven and parasitic 
radiator, 652 


determination, magnitude and phase, 
421-424 

electromagnetic wave, in atmosphere, 4, 
8, 32, 36 


impinging copper plane, normal, 898 
input, of double line at far end, 410 
internal, plane conductor, 1196 
matching, with quarter wave, line sec- 

tion, 437 

wavelength transformer, 435 

to a feeder, 428 
mutual, linear radiators, 652 
per unit length, double line, 407 
transformation, quarter-wavelength sec- 

tion, 438 
voltage and current, several driven radia- 
tors, 652 
(See also Wave impedance) 
Imperfect dielectric attenuation guide, 123, 
124, 128, 136, 138, 1214 
Impressed electric field, 131, 296, 775, 780, 

782 

on closed circuit, differential and integral 
relations, 775 
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Impressed field, 296, 356 
and actual field, 357 
Incidence, angle of, and angle of reflection, 
57 
generalized Snell’s law, 57, 802 
Snell’s law, 793 
of wave (see Wave incidence) 
Incident power of radio beam at plane of 
medium separation, 794 
Incident radio wave, polarization distinc- 
tion, 790 
Incident and reflected current, disturbances, 
422 
waves, 417 
Incident and reflected field components, at 
places above ground reflection, 884 
Incident, reflected, and refracted rays, 
planes of constant phase, 792 
Incident, reflected, and refracted waves, 
different mediums, derivation of formu- 
las, vertical and horizontal polariza- 
tion, 796-826 ‘ 
Incident traveling waves, 895 
Incident wave train for homing beam, 56— 
63 
Inclination factor, wave-front radiator, 1061 
Inclined plane wave-front incidence, aper- 
ture radiator, 1115 
Inclined primary wave-front incidence com- 
pared with perpendicular incidence on 
aperture area, 1158 
Inclined slot aperture, 1036 
Increase of magnetic displacement of wave 
front, 367 
Index of refraction, 56, 929 
atmospheric, 6, 56, 891 
changes, wave duct, 9938-997, 1236-1240 
complex, 56, 838 
curves and solutions, 984 
determination, 395 
different dielectric mediums, 793 
distilled water, 394 
and earth crust effect on radiation pat- 
tern, 917 
electromagnetic (see Electromagnetic in- 
dex of refraction) 
formula and values, 799, 800-802, 804, 
808, 810, 811, 814-817, 821, 822-824, 
859 
general (dissipative) wave medium, 46, 
56, 58, 394, 821, 859, 917 
curves, 842 
formula, 58, 794 
when medium behaves electromag- 
netically like a good conductor, 859 
general value, 839-842 
gradient, tropospheric conditions, 61, 998 
ionosphere, 977 
magnitude and phase, tabulated, dissipa- 
tive wave medium, 841 
modified, 6, 994, 995, 996, 1239 
nonconductive medium, 394 


SHORT-WAVE RADIATION PHENOMENA 


Index of refraction, ocean water, 859 

radio beam over mountains, 56-63 

relation and expressions, angle of inci- 
dence and angle of refraction, two 
dielectrics, 799 

for wave trapping, 6, 995, 1239 

relative, formulas, 794 

relative value of medium, 57-63 

smaller and larger than unity, applied to 
electromagnetic lenses, 1240-1242 

special case, perfect dielectric medium, 


804 

for superrefraction, 6, 995-996, 1240- 
1242 

troposphere (see Tropospheric index of 
refraction) 


Indirect and direct field components, 930 
Indirect and direct wave contributions, 869 
Indirect ray, 10, 831, 845, 849, 851, 852, 
855, 858, 860, 868, 877, 881, 884, 887, 
921, 930, 933, 942, 944, 948, 949, 951, 
956, 957, 959, 965 
Induced voltage, dipole gap, 651 
method, for computing radiated power, 
compared with Poynting vector 
method, 515, 516 
for radiation, 188-190, 192, 235, 515— 
516, 608 
in radiator, formulas, 651 
Inductance, and capacitance, parallel-wire 
and coaxial lines, compared, 484 
closed circuit, 776 
external and internal, 714 
Induction field, 3, 7, 173 
of a radiator, 233 
Induction law (Faraday), 219 
Induction theorem, 356, 1256 
Schelkunoff, 356, 1256 
Infinite _long-wave components, classic 
Rayleigh phase and group velocity 
concepts explained by, 385 
Infinite number of resonance frequencies, 
cavity resonator, 1185 
Infinite parallel-wire line, radiation effects, 
488 
Infinitesimal linear radiator, 31, 87, 144, 
158-165, 243 
elementary, 31, 161, 243 
Inhomogeneous absorbing wave medium, 
997 
Inphase and antiphase, excitations, compu- 
tations, linear radiators, 578 
field contributions, zonal areas, 1024 
half-wave radiators, formulas, 672 
Inphase conditions, electric and magnetic 
fields, 41 
space fields, 946 
Inphase excitation, 
mulas, 605 
half-wave radiator sections, by means of 
radiation suppression, 566 
radiator, 10 


antenna arrays, for- 


SUBJECT INDEX 


Inphase excitation, two parallel half-wave- 
length radiators, radiation resistance, 
667 
Input admittance and impedance, double 
line, compared, 415 
Input effects, double line, used for stubbing 
and matching, 416 
Input impedance, biconical antenna, 76 
conical antenna, 73 
double line, 408, 409 
impedance load at far end, 410 
and admittance, 415 
short-circuited far end, 409 
driven and parasitic parallel linear half- 
wave radiators, 692 
looking into open-ended double line, 409 
open and short-circuited line, 449 
relation, for an impedance-loaded line and 
matching, 433 
Input voltage to output current ratio, trans- 
fer or driving impedance of line, 409 
Instantaneous power, 36 
Insulator of metal, 449-451 
for half-wavelength radiator, 702 
for quarter-wave section, 701 
Integral, Ci (xz), 512-514, 537-538, 563- 
567, 629, 643-648, 658-670, 676-679, 
694, 712-714, 722-725, 732-734, 740 


Ci (x), even integral solution, 712-714, 
722-726 
cosine and integral logarithm, formulas, 
512, 643, 644, 646, 658, 665, 666, 
712, 722 
divergence within a volume and integral 
of vector field strength on enclosing 
surface volume divergence theorem 
£D-dS =JV¥-Ddz, (known also 
as Gauss theorem’ and Green the- 
orem), 108-110, 119-121, 130-132, 
197, 352 
Ei (jz), 644-648, 658-662 
electric field, 15 
equation, solution, cylinder, radiator 
current distribution, Hallén and 
King method, successive approxi- 
mations, 709-734 
linear radiator, sinusoidal current 
distribution, 91 
vector form, closed current loop, 778 
form, Maxwell equations, 15, 200 
boundary conditions, 65 
Fresnel, 1041-1047, 1064, 1159-1170 
curves, Cartesian coordinates, 1166 
spirals (Cornu), 1041-1045, 1047, 
1048, 1054-1058, 1073, 1159-1162 
table, 1042 
la (x), 644 
li (e*), 644 
logarithm, 643 
with purely imaginary argument, 643 
magnetic field, 15 
method of successive approximation, 711, 
717-719 
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Integral, odd and even wavelength distri- 
butions, linear radiator, 506 
by parts, applied to radiation problem, 
513, 514 
Si (x), 537-538, 644-648, 658-670, 676— 
679, 694, 696, 712-714, 722-726, 
732-734, 739-741 
sine, formula, 643, 644 
solutions, linear radiator, using Ci, Si, and 
logarithmic functions, 641-648 
and moduli signs, 647 


radiator cylindric, Ci, Ci, and Si func- 
tions, and formulas, 712 
transformations leading to Ci and Si 
functions, 643-648 
radiator application, 532 
Integration, contour, 343 
Intensity, field (see Field intensity) 
radiation (see Radiation intensity) 
Interatomic force, 152 
Interface, boundary conditions, 65, 307- 
309, 353, 367, 790-791, 798, 802, 809, 
814, 1196-1197 
two different, air masses, index of refrac- 
tion, 997 
dielectric mediums, 791—794 
wave mediums, 798-824 
Interference, factor, Lecher line radiator, 
504, 505 
Fresnel zones, 1172 
wave (see Wave interference) 
Interior or scalar product, 197 
Interlace of two circular wire radiators, re- 
sultant effect, 753 
Internal impedance, plane conductor, 1196 
Internal ohmic resistance and reactance, 
cylindric radiator, 713 
Intrinsic current sheet, 353 
Intrinsic propagation (three-dimensional) 
constant, 40, 44-46, 48-50, 53-56, 58, 
70, 96, 164, 380 
Intrinsic wave impedance, same as charac- 
teristic space wave impedance, 7, 17, 
36, 40—45 
Invariant vector, 20 
Inverse distance, effect, 87, 91, 158, 163, 
171, 938 
taken out of integral, but not phase 
factor, 91 
function substituted by more flexible 
function, 707 ‘ 
Inverse square distance law, field amplitude 
value, receiver and transmitter antenna 
heights compared with distance, elon- 
gated path triangle, 876 
instead of inverse distance law for certain 
fields, 890 
Inversion of temperature, 969, 988, 994— 
997, 1238-1239 
Ton, 152 
Ionic medium, resonance, 979 
Ionized medium, 4, 977-980 
selective absorption, 979 
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Ionosphere, dielectric constant and refrac- 
tion index, 979 
equivalent dielectric constant, 979 
field energy due to collisions, 979 
group and phase velocity, 979 
index of refraction, formula, 979 
phase velocity larger than velocity of 
light, 395, 979 
In(a) and I(x) functions, 323, 1267 
IRE standard wave-guide nomenclature, 
259-262, 305, 307-310, 374, 375, 377- 
379, 381-384, 1185-1233 
Isotropic elementary radiator, 7, 534, 611, 
623, 630 
Isotropic medium, 4-5, 38, 109, 120 
Isotropic point radiator, 7, 534, 611, 623, 
630 
Isotropic point source, directivity, com- 
pared with half-wave and Hertz dou- 
blet radiator, 534, 535 
radiator and gain measurement, 8, 623 
Isotropic properties, 4-5 
Isotropic radiator, watts for 
standard, 626 
Isotropic reference point-source radiator, 
7-8 
actual and equivalent power directivity, 
630 
applied to, antenna array, 623 
aerial gain, 624 
Isotropic region, homogeneous, 497 


reference 


J 


J, current. density, electric, and displace- 
ment current, 11-12, 28, 33-34, 
52, 75, 99, 100, 136, 140, 199, 228 
linear surface and volume current, 
199, 215, 217, 228, 350, 354, 357 
j, imaginary unit and unit vector, 12, 17, 
197, 1246, 1268-1271 
J antenna, aperiodic feeder, 702 
J_0.9(0.1), series, 758 
J3(a) etc., order (1/n) or (2n + 1)/2, 330, 
332, 339 
Ji(0.1), series, 756 


Ji(p) circular diffraction radiator, 1138- 
1146 

[Ji(p)/p] circular wave-front alignment, 
1150-1151 


Ji(p) — J_i(p), relation, 756 
Jm, Magnetic current density, displacement 
magnetic current in volts, 11, 16, 306 
linear, 350, 354, 357 
Jn,3(z), parameter half of odd order, ex- 
pressions, 339 
J,(x), Bessel function or cylinder function, 
of first kind, mth order or parameter n 
and argument 2, 304, 309, 322, 323, 
330, 331, 704, 756, 1255-1256, 1265- 
1267 
Bessel function, positive order or parame- 
ter, 331 
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Jn(x), formulas and expansions, 331, 1255— 
1256, 1265-1267 
m an integer or not an integer, 330, 332, 
339 
J_n(x) Bessel function, negative order or 
parameter, 331 
J_n(z) = (—1)"Jn(x), series expansion and 
Gauss function, 331, 1255-1256 
Jn(x) and J,/(x), 307, 309, 310 
In(z) +jNn(z) = Hye), Hankel 
tion, 497 
Jn(x) and N(x) curves, 304 
Jn(aK) and N,(aK) curves, 304 
[Jn(aK)]/[Nn(@K)] = [Jn(6K)]/[Nn@K)], 
coaxial line, 1232 
[Jn(rK)]A + [Nn(rK)]B Bessel 
coaxial guide, 1231 
Jn(rK) and Jn’/(rK), guides, 1212 
Jn(e) formula, for n = 1, 2, 3, 4, 5, 757 
applied general unrestricted, J1.1(0.1), 
numerical expansion (series), 757 
where n is not an integer, 756 
expansion, 756 
Jn(p) and Jo(p), circular wire radiator, 749 
Jo(x) and J1(x), functions of the first kind, 
order null and one, 304, 309, 322-323, 
330-331, 496, 704 
Jo(z) + jNo(z) = Hox) and Jo(z) 
— jJNo(x) = Ho*(x), Bessel functions 
of third kind, Hankel functions, 339 
Jo(z), Ji(x), and Jo’(x), functions applied, 
304, 309, 322-323, 330-331 
Jo(k) curve, numerical scales, significant 
arguments for vanishing Jo(k) values, 
applied, 704 
cylindric hollow radiator, 771, 774 
disk radiator, 761, 764 
significant argument x for vanishing Bes- 
sel factor, 704 
Jq(x) function, 323 
Jpii1(p) — Jp_i(p), relation, 756 
AJi(x) + BK, (x) for Bessel equation, n an 
integer, 1, 2, 3, 330 
AJn(x) — BJ_n(x) for n not an integer, 330 
standard comparison Bessel equation, 
330 
{d[Jo(z)]} /dz, series, 1137 
Jahnke, E., and F. Emde, formulas and 
tables, 322, 331, 643 
Jeffreys, H., wave duct, 1250 
Jordan, E. C., cylindric slot diffraction 
radiation, 1036, 1095, 1182 
Joulean heat loss, 3, 35, 46, 49, 52, 70, 118, 
125, 128, 130-131, 133, 135-138, 140, 
142, 1196, 1203 


K 


func- 


solution, 


K, expression, circular guide, 1193, 1213, 
1224 : 
rectangular guide, 382, 1215 
functions, 323, 331, 1193, 1213, 1224 
K, Ko dielectric constant, 5 
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kiJn(e) — keNn(a) = Zn(x), Bessel and 
Neumann functions, cylindric guide, 
304 
general Neumann function, 304 
Kn(x), function, 330, 331 
K(x), function, 323 
ky — 1, difference, troposphere, 974 
relation, humidity present, 976 
Kennelly-Heaviside ionic upper atmosphere, 
4, 977-980 
Kilogram to standard pound conversion, 
976 
Kilometer to statute mile conversion, 969, 
976 
Kinematic rotary action given by curl of 
vector, 986 
King, R., polarized field of arbitrary polar- 
ization, 787 
King, Blake, and Harrison, theories and 
calculations, cylindric radiator, 705 
King cylindric. radiator theory, applied to 
half-wave cylindrical dipole, compared 
with customary gap impedance formu- 
las, 716 
method, two parallel cylindric dipoles, 
zeroth order of approximation, and 
action of dipole on other dipole, 719 
requirement for factor Q, 711, 724 
zero-order approximation, 717 
Kirchhoff diffraction formula, 311 
Kirchhoff diffraction theory, 1060 
Kirchhoff equation, 311 
classic, must satisfy boundary conditions 
of electric and magnetic field vectors, 
319 
general wave, solution, 292-296, 321-346 
Kirchhoff-Huygens forward effect, end-fire 
line-up of linear radiators compared, 


1062, 1089, 1095, 1096, 1102, 1105, 
WLOS TLS, 1119, deffo iss tate 
1142, 1146 


Kirchhoff-Huygens forward factor, 1062 
generalized, guide diffraction, 1135 
relation of discontinuity, 311 
restricted relation, diffraction, 1087 
theory applied to aperture occupied by 

electromagnetic wave front, 1080 
vanishes, 1096 
wave equation, with discontinuous varia- 
tion, 311 
Kliatzkin, on antenna radiation, 648 
Klystron field accelerations and decelera- 
tions, 4 
Kock, W. W., metal lens, 1241 


L 


d/2 line section, properties, 191, 428 
\/4 line section, applied, 450 
characteristics and relation to charac- 
teristic impedance, 436 
effect, 436 
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\/4 line section, formulas and properties, 
impedance matching, 191, 437 
properties, 409, 411, 428, 435, 449, 450 
short-circuited, applied to insulation, 450 
X/8 line section, properties, 412, 428, 436 
d/8 open-ended double line, shunted with 
X/8 short-circuited double line on 
feeder, causing antiresonance for fun- 
damental frequency, 450 
X/12, double line, applied, 450 
open-ended double line, in shunt with \/6 
short-circuited double line on feeder, 
suppresses fundamental and third 
harmonic frequency, 450 
3/4 line section, properties, 42 
Lamb, H., basic solution, wave-duct modes, 
normal mode, 1240 
Laplace coordinate transformation, 20, 27, 
145, 616 
applied to radiation vector, 616 
Laplace equation, 149-151, 299-301, 340, 
1273-1274 
applicable to concentric and parallel-wire 
line, 475 
and Poisson equation compared, 300 
reduced to two dimensions, a means to 
solve wave-guide problems, 301, 1200 
in terms of potential, 300-301 
two-dimensional, applied to guide, 1200 
Laplace expansions, 1274 
Laplace operator (see Del operator; Hamil- 
tonian nabla) 
Laplace and Poisson equations compared, 


300 
Lattice, space, normally disposed of, 592, 
594 
structure, half-wave radiators in space, 
592 


Law, Ampére, 11, 14, 196 
Ampére-Maxwell, 11, 103 
Biot-Savart, 164, 217 
Coulomb, 213 
Faraday induction, 11, 103, 200 
Gauss (Green theorem), 22, 24-25, 108- 
109, 120, 122, 196 
Green, same as Gauss theorem and Green 
theorem, 108, 1279 
Snell, 793, 802, 980 
Leak, electromagnetic, 964 
Leakage, field, wave duct, 959, 964 
Lecher feeder, parallel-wire line, self- and 
mutual radiated power, 192 
Lecher line, characteristic impedance de- 
pendent on wire spacing and diameter, 
and on ratio of medium permeability 
and dielectric constant, 404 
and coaxial line, C and Z values, com- 
pared, 484 
conditions, standing waves, 501 
double, standing current distribution, 501 
elementary section, electric radiation 
field contributions, 501 
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Lecher line, embedded in ideal distilled 
water, characteristic impedance, 404 
low and high impedance points, 698 
standing waves, electric radiation field 
contribution, for go conductor, 501 
odd and even integer values, standing 
modes, electric radiation field con- 
tribution of go wire, 502 
radiation field (electric) contribution, 
half-wave section, return wire, 503 
radiator,, direction factor, 502-504 
interference factor, 504, 505 
relative phase factors, go and return 
wires, 502 
total electric radiation field contributions, 
go and return wires, 501, 502 
Lecher wires, double parallel-wire line, 
characteristic impedance, 404 
feeder, actions on field point, 499 
half-wave linear radiator, 698 
linear current distribution, equivalent 
length, by means of equal areas, 518 
formulas, 403 
infinite length, radiation effect, 488 
Laplace equation, 475 
longitudinal field action, 95 
mutual radiation, effect, 192 
resistance, 192-193 
outgoing wire, self-radiation, 192 
parallel wires, proximity effect, 414 
radiation, 191, 193-194 
radiator, directivity of each wire by itself, 
without mutual radiation contribu- 
tion, 505 
formulas, effect of spacing between go 
and return, 508 
interference factor, mutual line effect 
on radiation, 505 
Poynting vector has constant value for 
fixed value of spacing, 508-509 
radiation resistance, 510 
self-radiation resistance, 192 
returning wire, self radiation, 192 
total electric radiation field, self- and 
mutual radiation effects, 505 
solution, classical Kirchhoff theory, 6, 9, 
79-80, 97 
Maxwell’s field theory, 70, 80, 97, 492— 
498 
traveling wave, excitation, 521 
radiation effects, 521-524 
Left-handed-screw space wave propagation, 
786 
Left- and right-handed polarization, 786 
Left- and right-handed screw rule, vector 
product, 197 
Legendre equation, 
341 
second solution, 328 
Legendre function, 322, 327, 328, 341 
P and Q polynomials, 328 
zeroth, first, and second order, 340 


327-332, 338, 340, 
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Legendre polynomials, 328 
Lens, antenna, 1241 


electromagnetic, metal and _ dielectric, 
1240-1242 
based on, optical lens refraction, 1241— 
1242 


wave-guide action, 1241-1242 
shape and design, 1242 
Level lines and surfaces, 21 
Lewis, W. D., and H. T. Friis, scanning 
abberation, 1241 
li function applied to linear radiator, 644 
Limiting angle, 933, 944 
Line, arbitrary double, and Schelkunoff an- 
tenna, 76—86 
biconical, 76-86 
closed integral and surface integral rela- 
tions, Stokes’s theorem, 25 
coaxial (concentric) (see Coaxial line) 
condition at voltage maximum and mini- 
mum looking toward load end, 699 
conical, against metal plane, 73—76 
double (see Double line) 
electric force, 3, 68, 74. 80, 85, 95, 101, 
102, 230, 349, 351, 353, 367, 374, 
377, 403, 735, 737, 744, 1186, 1187, 
1189-1192, 1194, 1219, 1221, 1230, 
1233 
guided, relations, TEM waves, 68, 69, 77, 
81, 285-291, 485 
parallel wire (see Parallel-wire line) 
plane against cone, 73—76 
propagation formulas, 363 
Q value, 415, 487 
and radiation, 402-528 
relations, review of, 406-416 
ribbon, 67-73 
Line angle, generalized and double, 372 
Line constants, C, LZ and Zp, bicone, 
Schelkunoff, 78 
coaxial line, 403, 407, 484 
Lecher, parallel wires, 403, 407, 484 
Line impedance (see Characteristic imped- 
ance, line) 
Line integral, 14, 15, 75, 78, 83, 98, 101— 
103, 105-107 
closed, 13-15, 198, 350, 776—778 
applied to closed circuit with radiation 
effect, 777 
electric and magnetic field, 219 
definition of, 25 
electric and magnetic force, 13-15 
magnetic force, 101-103, 139, 219, 349- 
351, 353 
open, 25 
and surface integrals, 104 
of vector, 974 
Line measurement, admittance applica- 
tions and formulas, 438 
positive and negative conductance con- 
cepts, 438-439 
standing-wave concepts, 416—435 
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Line radiation, based, on differential radia- 
tor, 31, 86, 235, 241 
on two linear differential 
187-191 
Lecher wire feeder, 191—194 
power lines and power frequency, 491— 
498, 519-521 
stationary waves (standing-wave dis- 
tribution), 456-469, 498-517 
traveling waves, 456-469, 521-525 
Line of sight, 346, 887 
condition checked numerically, 872 
and curved earth crust, explanation, 871 
Line solution, classical Kirchhoff theory, 
voltage and current relations, 40, 68, 69 
Maxwell’s electric and magnetic field re- 
lations, 65, 68, 200, 284-291, 491-498 
Line and space propagation, compared, 
284-291, 363 
formulas, 284-289, 363 
Linear antenna, 8-10, 89-91, 166, 529-744, 
762-765, 767—768, 773-774 
array, factor determining broadness of 
vertical directivity, 603 
forward-thrust factor, 603 
current distribution, 531 
current node, 529 
effective (or equivalent) length, applied 
numerically, 166, 874 
height effect over actual ground and dif- 
ferent wave incidence, 881-885 
radiation, 89-91, 166, 529-744, 762, 767, 
773 } 
Linear and coil radiators, helical wave 
propagation, 786 
Linear conductor (see Conductor, linear) 
Linear coupled radiators, self- and mutual 
parameters, 656-662 
Linear current, distribution, equivalent 
length by means of equal areas, 518 
element, field formulas, applied to linear 
radiator, 540 
Linear curtain radiator, radiation formulas, 
595 
Linear differential radiator, 31, 86, 235, 240 
formulas, 86 
Linear dimensions, expressed in operating 
wavelength, 180, 508 
Linear divergence and gradient, 203 
Linear electric current density, 350 
Linear elementary radiator, excited inphase 
and antiphase, fields and directivities 
compared, 573-575 
Linear end-on array, 446 
Linear half-wave dipoles, over metal reflec- 
tor, radiation resistance, 1010 
Linear half-wave filament (thin) radiator 
conditions, 767 
Linear half-wave radiator, and circular wire 
radiator, comparison with respect to 
factor 60 of linear radiator, 754 
parallel and collinear alignments, for- 
mulas, 671-684 


radiators, 
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Linear half-wave radiator, shunt and series 
feeding, 697 
Linear polarization, 549-551, 785-788 
Linear radiators, 20, 32, 91, 230 
alignment, group characteristic, graphical 
and analytical solution, 581 
backed up by perpendicular metal re- 
flector, 1016 
Bechmann solution, 
nates, 235 
both driven, formulas, 652 
Ci, li, and Si functions, 643-648 
and coil radiators, helical wave propa- 
gation, 786 
conditions, 456 
coupled, self- and mutual parameters, 
656-662 
directivity, 625 
applications, 543-545 
formula, unhindered radiation space, 546 
patterns, fundamental and higher har- 
monic excitations, 545 
eight aligned give 8 fold amplitude maxi- 
mum effect and 64 fold power effect, 
634 
electric field formula parallel to radiator, 
664 
elementary (see Elementary linear radia- 
tor) 
elementary theory, self- and mutual ef- 
fects, half-wave current distribu- 
tions, 662-666 
equal-phased in front and reflector row, 
638 
excited in harmonic distribution, 91, 529— 
547 
harmonic and higher harmonic current 
distribution, 538 
Hertz vector, electric field computation, 
657-658 
solution, 642 
integral solutions, using Ci, Si, 
logarithmic functions, 641-648 
isolated, directivity formula, 538 
maximum and minimum conditions for 
fundamental and higher modes, 546 
mutual impedance, 652 
effect, self-radiation resistance 
self-reactance, 653-654 
resistance and reactance curves, 691 
normal to reference metal plane, 863-— 
867 
not parallel to other radiator and not 
collinear, formulas, 607-609 
one driven and other parasitic, formulas, 
652 
polarization, 17, 549-552, 785-788, 796— 
824 
primary source and imaginary secondary 
radiators, 1028 
projection through metal plane reflector, 
1015 
radiation power, 625 


cylindrical coordi- 


and 


and 
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Linear radiators, relative amplitude direc- 
tivity, odd and even current distri- 
butions, 623 

several in parallel, aligned, directivity, 
579-583 
short length, 230 
sinusoidal current distribution, general 
case, 642 
staggered, 658-661 
standing waves, Ci and logio functions 
used, 506 
thin, current distribution, 642 
two, both driven, 652 
radiated power, self- and mutual watts, 
666 
vertical and horizontal disk radiator com- 
bination, directivity in Cartesian 
patterns, 763 
over ocean surface, 911 
wave front, with aperture, 1036 

Linear wave polarization explained by Lissa- 
jous, figures, 549-550 

Lines, not matched, reflected and advancing 
wave actions, 364 

Lissajous figures, giving general elliptic, 
circular, and linear polarization expla- 
nations, 549-550 

Load admittance, numerical, 442 
and its conjugate, 443 

Load impedance determinations, practical 
hints, 424-427 

Lobes, positive and negative, 765, 771 

of radiation, 640 
secondary radiation, 10 
and side lobes, inphase excitations of two 
linear radiators, 577 
linear radiator alignment, 581 
linear radiator excited in harmonic dis- 
tribution, 545-546 
partially suppressed radiation, 
568 
two equal linear radiators excited in 
phase and of equal amplitude, 580 

Location of stub for line measurements, 440 

Log and cosine integral functions applied to 
linear radiator problems, 506 

Logio and Ci functions, 512, 514 

Logarithmic decrement, of wave in dissipa- 
tive wave medium, 138 

in wave propagation, general, 138 

Logarithmic space decrement, power factor 
and phase difference in dissipative wave 
medium, 138-143 

Lommel functions, 1254 

Long-distance wave propagation, atmos- 
pheric refraction, 6, 987, 993, 994-997, 
1236-1240 

due to diffraction, 1018, 1052-1060 
wave duct, superrefraction, 994-997, 
1236-1240 

Long-time experimental electromagnetic 

pulse echoes, ionosphere, 368 
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Longest cutoff wavelength, cylindric wave 
guide, about half the inside guide cir- 
cumference, 305 

TE waves, 305 

Longest natural wave for TM1,1 mode, 305 

Longitudinal complementary waves applied, 
335 

Longitudinal component of forward-tilted 
electric vector of electromagnetic wave 
causes surface wave-guide actions, 900 

Longitudinal current, conical surface, bi- 
conical line, 738 

Longitudinal displacement current, guide, 
1186 ; 

Longitudinal electric wave, 92, 377, 381 
along the direction of wave propaga- 

tion, 93 
electric mn, m waves or transverse 
TMnz,m waves, 383 

Longitudinal H wave, 1185 

Longitudinal H or TE waves and longitudi- 
nal TM waves, compared in table, 335, 
381 

Longitudinal Ho,1 wave, 381 

Longitudinal linear current. density, 349, 
350, 354, 355 

Longitudinal magnetic wave, along wave 
propagation direction, 93 

and electric guide waves, 383 

Longitudinal ribbon current, 69 

Longitudinal slots in cylinder, horizontal 
pattern, 1036 

Longitudinal surface wave, 906 

Longitudinal and transverse, fields, 1185 

magnetic line effects in guides, 969 
wave-guide current, 1204 
Loop, elementary, equivalent height, 573 
small, and Hertzian doublet radiator, 160 
for mapping magnetic field distribu- 
tions, 156 

Loop aerial (small), formulas, 571-573 

Loop antenna, 572 

Loop radiator, small magnetic dipole, 153, 
156, 161, 163 

Loop and rod exciter, guide, 1219 

Lorentz-Lorenz law for molar refraction, 971 

Loss, dielectric, wave guide, 1214 

Loss angle, in characteristic wave imped- 
ance, dissipative wave medium, 42, 48, 
46 

earth crust (solid), 42-56, 117-138 
general medium, 46 

leaky dielectric, 42-56, 117-138 
ocean wave medium, 47—56, 117 


in wave propagation constant formula, 46 _ 


Loss current, 140 
Love, A. E. H., diffraction, 1065 
equivalence principle, 356 
induction theorem, 356 
generalized (Schelkunoff), 356 
solution for electromagnetic diffraction, 
1066 


el 
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Low frequency and VHF and UHF effect on 
closed circuit, 774-780 

Low and high impedance terminations, on 
Lecher line, 698 

on.lines applied, 527 

Low-level wave duct, 1286-1240 

Low wave-duct and attenuation increase for 
3-cm waves, 996 

Lower atmosphere, refractive index, 970 
gradient conditions, 994 

Lower zonal areas (Fresnel) are about equal, 
1027 

Lowry, L. R., rhombic Bruce antenna, 458 


M 


Magnetic charge, 154, 162 
concentration (assumed) and_ electric 
charge concentration compared, 358 
Magnetic current, 11, 14 
density, 11, 94, 224 
element, important relations for space 
point, 611 
moment, 158, 1062 
(See also Magnetic and electric current) 
Magnetic current sheet, 356 
no experimental evidence, 348, 355 
self-radiation effect, 619 
Magnetic dipole, 144, 153, 159, 161, 163, 180 
array, effect for thin slot aperture, 1036 
effect, due to electron spin, 153 
horizontal current loop, 153 
and magnetic potential, 155 
moment, 153, 162 
radiator starts with principal TM wave, 
293 
small current loop, radiated power, 159 
starts with longitudinal principal TE 
wave, 293 
wave impedance, 160 
total field, in neighborhood and between- 
field region, 168-180 
(See also Magnetic and electric dipoles) 
Magnetic displacement, current, 11, 14, 15, 
115 
vanishes, 272 
increase rate, 367 
per unit area, 367 
Magnetic double layer, 154, 157 
potential, 157 
Magnetic doublet, 144, 153, 154, 158-161, 
163-165, 168-187 
elementary case of layer current, loop 
radiator, 144 
summed up (integrated) for finite current 
loop, 144 
Magnetic and electric current, density dis- 
tributions, radiated power formulas, 
620 
elements, application, 612 
basic space relation, 611 
Schelkunoff, 356, 361 
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Magnetic and electric current, sheet, 348 
concepts, applied to Huygens wavelet 
source, 1089 
mutual radiation effect, 619 
power directivity, formula, 619 
Magnetic and electric dipoles, elementary, 
electric and magnetic field components, 
163-165, 182-183 f 
compared, 144-194 
features, 180-187 
general comparison, 144-194 
Magnetic and electric (for other entries 
beginning with this phrase see Electric 
and magnetic) 
Magnetic energy density, 120 
Magnetic field, 97 
circulation, 11, 15, 23, 95, 101-105, 349, 
351, 353, 377, 403, 1187, 1190-1192, 


1207 
per unit area, current sheet, 350 
components, computed from current 


function, 471-473 
energy flow, 301 
along Z axis in Cartesian and cylin- 
dric coordinates, 301 
contribution, 35 
and displacement current and condenser 
radiation, 97 
of electric current, derived from mag- 
netic vector potential, 487 
and electric field conditions compared, 
314 
energy, along double line, two-dimen- 
sional Poisson equation, 490 
explored by small loop (small magnetic 
dipole), 156 
intensity formulas, 614, 615 
relation, in terms of electric and magnetic 
vector potentials, 357 
represented by electric current sheet, 348 
small circulations summed up (inte- 
grated), 139 
and surface current, 65-67 
(See also Electric and magnetic field) 
Magnetic flux density, 196 
definition and units of, 196 
solenoidal condition, 313 
Magnetic H wave, guide (TE wave), 93 
induction, 196 
Magnetic lines of force, 3, 14, 25, 73, 80, 95, 
101, 102, 105, 139, 349, 351, 353, 377, 
1187, 1190-1192, 1207, 1219 
Magnetic loop, 95, 101, 105, 107 
Magnetic mass, 154, 162 
Magnetic moment, 155 
elementary current circulation, 157 
per unit volume, 154 
Magnetic polarization, 196, 222 
contribution over vacuum, 196 
as magnetization, 219, 313 
of medium, 196 
potential (magnetization potential), 149, 
219, 222 
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Magnetic pole, 154 
Magnetic potential, 155, 224 
gradient, 306 
total, of magnetic shell, 155 
Magnetic radiation vector, 614-620, 1090 
guide diffraction radiator at reception 
locations, formula, 1129 
Magnetic reluctivity, 196 
Magnetic retarded vector potential, 775 
applied to closed circuit radiation, 782 
electric current density relation, 612 
radiation vector relation, 613 
Magnetic shell, 151, 154, 156 
a double layer of positive and negative 
magnetic masses, 154 
magnetic moment, 155 
magnetic potential, 155 
Magnetic space reluctivity, 196 
Magnetic surface density, 155 
Magnetic type, of field, 229 
relations, 314 
of polarization, 796-798 
of polarization vector, 219, 222, 313, 1240, 
1248, 1275-1276, 1277 
Magnetic vector potential, 87, 214-218, 
222-240, 249, 253-259, 267-268, 290, 
356 
and components, 87, 215, 217-218, 226— 
240 
and electric scalar potential method, for 
finding electric and magnetic fields of 
aerial, 229-240 
and Hertz potential interrelated, 252, 290 
mks dimension, 224 
retarded, 164, 214, 253-258, 300 
a means for accounting for both radia- 
tion and near field of lines, 495 
for solving elementary electric dipole 
fields, 164 
used for finding magnetic field of a cur- 
rent, 487 
(See also Electric and magnetic vector 
potential) 
Magnetic vectors, of electromagnetic wave 
in plane of wave incidence, 796 
in terms of current density, 252, 290, 350, 
354 
Magnetization, 313 
of atom, 153 
axis, 154 
definition of, 196 
and electron spin, 153 
of medium, 313 
vanishes for vacuum, 313 
of volume density, 154 
Magnetization potential, 153 
applied to wave duct, 1238-1240 
and electric polarization potential com- 
bined, 312 
Magnetized shell, 154 
Magnetized volume, 154 
Magnetizing convection current, 152 
Magnetomotive force, H circulation, 349 
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Magnitude, complex quantity analyzed, 480 
electric and magnetic field, expressions 
for, 45 
general index of refraction, 839-842 
and phase, determination, impedance, 
421 é 
reflection coefficient, wet soil, above 
40 Me/sec, 834 
and time phase, vector plot, reflection 
coefficient, vertical and horizontal 
polarization, 855 
of vector, 20 
Main beam width, end-fire beaming, 639 
Main feeder of three dipole gaps of half- 
wave radiators, does not cause equal 
inphase gap currents, 695 
Mann, C. R., diffraction, 1034 
Mannebeck, C., first correct radiation ex- 
pression for power line, 493 
on traveling-wave radiation controversy, 
493 
Map measure, electromagnetic space beams, 
998 
for path difference of path triangle, 891 
Matched single feeder, general tap joint to 
half-wave radiator, 466 
Matched single-line feeder, radiation re- 
sistance, 466-468 
Matching, for capacitive source, 438 
with closed stub, formulas, 430, 431 
with double stub, 445°! 
guide, 1221 
different mode and cross section, 1221 
half-wave dipole with quarter-wave sec- 
tion and cup, 449 
for an inductive load, 438 
load impedance, to a feeder, 428 
to a line, single stubbing, 428 
section, guide, 1221 
transformer, quarter-wave Lecher and 
concentric line sections, 701 
Mathematical formulas, 195-361, 
1226, 1232, 1247, 1254-1279 
Mathieu function solution applied, 1063 
Matter effect for electric and magnetic 
polarizations, 196 
Maximum available field power in unit 
space volume, 37 
Maximum directivity, alignment of linear 
radiators, solution, 636 
Maximum electric field effect, circular radi- 
ator, 756 
Maximum field effects, formulas, vertical 
and horizontal polarization, 967 
intensity, longer ranges, graphical solu- - 
tion, 930 
reception orientation, loop antenna, 20 
and zero field effects, 897 
Maximum and minimum 
feeder, 427 
Maximum and minimum voltage effects 
along line, 427 
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Maximum power transfer, concentric line 
with optimum Q value, 481 
load impedance equal to conjugate char- 
acteristic impedance of supply, 452 
violation for mismatch, 427 
Maxwell and Ampére, boundary conditions, 
65 
curl relations, 11, 147-151, 200 
Maxwell’s component equations, basic for 
wire-guided.and unguided wave propa- 
gation, 284 
Maxwell’s curl equations, 
ordinates, 148 
curvilinear coordinates, 147 
cylindrical coordinates, 148 
reduced and applied to parallel multiple 
conductor system, 470-471 
simplified, 150-151 
spherical coordinates, 149 
Maxwell’s displacement current, 196 
density, 11 
and Faraday’s induction law, 196, 316 
Maxwell’s equations, 311 
Cartesian coordinates, 146, 148 
curvilinear coordinates, 147, 151 
cylindric coordinates, 146, 148 
elementary, differential forms, 11, 200 
integral from, 15, 200 
space points where fields change con- 
tinuously, applied to wave obstruc- 
tions, 790 
spherical coordinates, 146, 149 
Maxwell’s field concept solution and classi- 
cal line solution, 291 
Maxwell’s field equations, applied to single 
and coupled closed circuits, 773-774 
applied to transmission line, 68 
and energy quanta taken collectively, 
1019 
Mean value of difference of electric and 
magnetic volume field energy content, 
120 
Measure of magnetization related to elec- 
tron spin, 153 
Measurements using standing-wave ratio 
concepts, 416—435 
Medium, effect on operating wavelength, 
49-52, 54 
electromagnetic properties, 5 
metallic, wave properties, 43-45, 349, 
476-484, 487, 1193-1199, 1203-1214 
mountain, 56—63 
nondispersive properties, 50, 366 
ocean, 46—52, 136, 801, 824, 835, 836, 838, 
840, 842-845, 852, 858, 860, 900 
polarizations, electric and magnetic, 196 
contributions over empty space, 196 
quality (Q value), 5, 52 
rock, 46 
separation surface, 
propagation, 790 
reflected, refracted, and incident waves, 
791 


Cartesian co- 


obstructed wave 
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Medium, space substance effect causing 
electric and magnetic polarizations, 
196 
vacuum, dielectric constant, 4 
for wave (see Wave medium) 
Medium constants, dielectrics and conduc- 
tors, applied, 476 
Medium dissipation, power factor, 140 
to useful field energy ratio, 143 
Mediums, different dielectric materials and 
wave propagation, 791 
Meridian directivity, 624 
half-wave radiator, 239 
linear radiator, 625 
Merit, dissipative wave medium (Q value), 
140-142 
double line, 415 
Mesh circulation, elementary, 139, 155-156 
Meshes of current and larger current loop, 
155-156 
Mesny-Chireix antenna, 1290 
Metal, electromagnetic properties of, 4-7, 
43, 45, 65, 154, 476-484, 487, 789, 830, 
854, 863-867, 895, 896, 898, 899, 917, 
918-928, 956, 957, 968, 1187, 1193, 
1196-1199, 1203-1214 
possible dielectric constant of, 6, 16 
Metal cylinder, slit aperture, radiation, 
1036, 1095, 1182 
Metal lens, 1240-1242 
and delay lens, 1241 
Metal and open slot radiators, 784, 1091— 
1125, 1145, 1160-1170 
Metal plane, surface impedance and resist- 
ance and skin depth, 1196-1199 
Metal reference plate simulating ideal 
reflector, real value of reflection coeffi- 
cient, as in optics, 920 
Metal reflector, characteristic value, 924 
and horizontal half-wave radiator, 923 
and linear radiator, 830, 855, 864, 867, 
896, 912-928 
and perpendicular 
Tesistance, 1016 
plane, distance effect from radiator, 1005 
effect, radiator and pickup half-wave 
images, 1006 
field curves, 1005 
and vertical and horizontal linear 
radiator, 1012 
solid and wire, 787 : 
Metal screen aperture, wave guide, 1116, 
ioe L 73 
Metal skin, guide, power loss, 1208 
Metal tubes, 1185 
Metallic earth crust, action may be ap- 
proximated as far as reflections are 
concerned, 855 
Metallic electromagnetic mirror, 10, 476— 
479, 830, 855, 864, 867, 896, 912-928 
Metallic harmonic suppressor, 450 
Metallic insulation and harmonic 
pressor, lines, 449-451 


radiator, radiation 


sup- 
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Metallic insulator, for half-wave radiators, 
702 . 
quarter-wavelength section, 701 
Meter - ampere output, 362 
Meter-kilogram-second coulomb (mks) sys- 
tem (see Mks units) 
Meter - volt and meter- ampere concepts 
compared for linear radiator, 283 
Microwave optics, 1241 
Milazzo, S., on polarization of electro- 
magnetic waves, 787, 795 
Millibar, unit, 989 
Millikan, R. A., on diffraction, 1034 
Minimum and maximum location on feeder, 
427 
Minimum reflection effect, vertical polariza- 
tion, 849, 851, 852, 855, 858, 860 
formulas, 827 
Minor lobe, gain, 627 
Mirror, complex, 10, 52, 797, 801-804, 809— 
810, 821-825, 831, 834-863, 868, 876, 
877, 881-917, 920, 928-958, 965-967 
dielectric, 10, 791, 793, 796, 798, 799, 
805-809, 810-816, 817-820 
dissipative wave medium and earth crust, 
10, 52, 797, 801-804, 809-810, 821— 
825, 831, 834-863, 868, 876, 877, 
881-917, 920, 928-958, 965-967 
metallic, 830, 855, 864, 867, 896, 912-928 
Mismatch, power condition in line, 427 
wave impedance at plane of medium 
separation, 814 
Mks units, 7, 195, 1243-1251 
applied to electromagnetic quantities and 
relations, 195-196 
conversion to classical egs system of units, 
1252 
review, 195-196 
tables, 1252 
Model aerial measurements, 297 
Modes (see Wave guide, modes) 
Modified antenna standard, based on maxi- 
mum power directivity, 627 
Modified deficit duct, 996 
Modified electromagnetic 
modified, 998 
oblique coordinates, 998 
wave paths, equivalent flat earth and 
oblique coordinates, 997 
Modified index, of refraction, low-level duct, 
971, 977, 987, 991-997, 1238-1239 
short-wave propagation, 994-995 
standard condition, modified wave path, 
1238-1240, 1253-1254 
Modified radio beam, construction of, 988 
ray, 990 
Modified ray triangle, actual spherical 
earth, for modified flat earth, 998 
Modified standard of radiator, 627 
Modulation, AM, FM, and PM waves, re- 
lation to group and phase velocity, 386 
Modulation product resemblance, circular 
wave-front array, 1148 


path, doubly 
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Moduli signs, integral solution, 647 
Moisture content of troposphere, 971 
Molar polarization, 973 
Molar refraction, Lorentz-Lorenz law, 971 
Moles, number of, per gram molecular 
weight, 973 
Moment, atomic, 152 
charge, compared with current moment, 
516 
current distribution, 1029 
element, 161 
differential radiator (¢ dl and q dl), 152 
doublet (Hertz), 152 
electric current element, 152, 161 
electric and magnetic dipole, 153, 161 
elementary magnetic current, elementary 
current loop, 162 
magnetic current element, 158 
Momentum per unit volume of space charge, 
23 
Monochromatic light and slit, 1018 
Morse, P. M., and P. Rubenstein, electro- 
magnetic diffraction, 1063 
Mosaic, of elementary Huygens radiators, 
1094 
of radiation centers in space, 592, 594 
Motion, random, 152 
Mountain-refracted beam, 56-63 
Mountain-wedge, electromagnetic diffrac- 
tion, 1050-1060 
Mouth, -parabolic radiator and equivalent 
current sheets, 350, 352 
rectangular guide, diffraction radiator, 
1126 
Multipath wave propagation, 10, 791, 793, 
796, 797, 831, 834, 845, 849, 851, 852, 
855, 858, 860, 868, 877, 881, 884, 887— 
895, 930-958, 959, 965, 968, 969 } 


Multiple conductor transmission system, 
469 

Multiple mode, 738 § 

Multiple parallel wires, radiation, 469 { 


Multiple propagation path (see Multipath — 
wave propagation) 
Multiple reflections, analyzed, 887-895 { 
reception at transmitting center, 887 ' 
Multislot electromagnetic diffraction radia- _ 
tors, 1118 7 
-computations for several slots, tabulated, — 
1119 
Mutual antenna impedance, effect on self- 
radiation resistance and self-reactance, 
linear radiator, 653-654 j 
Mutual dipole gap impedance, 652 t 
Mutual effects between half-wave radia- — 
tors, tabulated computations, 696 { 
Mutual impedance, and components, two 
linear parallel radiators, formulas and 
curves, numerical values, 691 
linear radiator, 652 
resistance and reactance, 691 
Mutual index of refraction, 58 Z 
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Mutual power from half-wave radiator on 
another half-wave radiator, 667 
Mutual radiation effect, electric and mag- 
netic current sheet, 619 
Mutual radiation resistance, current loops, 
781-784 
expanded, 519 
and reactance, parallel half-wave radia- 
tors, formulas and numerical ap- 
plications tabulated, 696 
table for half-wave radiators, 672 
of two elementary electric dipoles, 190 
two parallel half-wave radiators on each 
other, 667 
Mutual and self-effects, dipole, elementary 
theory and formulas, 662-666 
Mutual and self-impedance, coupled linear 
dipoles, 650 
formulas, linear 
666-671 


radiators, numerical, 


N 


n different doublet effects, 240 
m equal collinear radiators, group character- 
istic formula, 587 
N_ parallel conductors, 
radiation, 469 
N slot radiators, formula, 1114 
No and N; functions, 304, 322, 323, 330 
N(x) function, 323 
Nabla_ operator, 
1271-1272 
product, 1271, 1278, 1274 
scalar point function, 1271-1272 
second differential, 1272 
vector, 1272 
Narrow aperture, 1019 
Natural and equal phasing of linear radia- 
tors, 547-549 
Near-field region (or neighborhood induc- 
tion field region), 163, 171, 174, 175, 
177, 185, 186 
electric field, general ellipse equation, 555 
Negative elementary closed-shell charges, 
152 
Negative and positive lobes, 765, 771 
Neper, unit, 362 
Neper attenuation, dissipative wave me- 
dium, 53 
unit explained, 362 
Neper loss (attenuation), general or dis- 
sipative wave medium, 30, 136, 138 
Neumann function, 295, 304, 309, 329, 330, 
332 
general, and Bessel general function, 304 
with no integer parameter, 295, 322, 323 
roots, 304 
Neutralization, reactance and susceptance 
effects by stubs, 428, 430, 431, 433, 448 
_. reactive effects of radiator, 649 - 
Newton, unit of mks force, 7, 1243 
Node, current on linear antenna, 629 


electromagnetic 


Hamiltonian,' 22, 198, 
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Node, pseudo, 697 
Nomenclature, wave guide, IRE recom- 
mendation, 304-308, 374-379, 381-383, 
1185-1232 
Noncircular wave, 307 
Nondispersive wave medium, 50, 399 
and dispersive wave medium compared, 
399 
Nonlinear probe indicator, correction, 426 
Nonmagnetic dielectric, characteristic im- 
pedance, double line, 403, 405 
Nonpolar gas, density, 970 
Nonrectilinear wave propagation, 969 
Nonresonant and resonant conductors, 699 
Nonuniform field relation, power transfer in 
double line, 73 
Normal atmospheric conditions, field escape, 
3, 994 
Normal dispersion, 366 
Normal field components at boundary, 352 
Normal primary wave-front and inclined 
wave-front incidence on aperture radia- 
tor compared, 1115 
Normal space lattice, 592, 594 
Norton, K. A., and A. C. Omberg, on 
elliptical ground reflection Fresnel 
zones, plane earth surface, 1172 
on surface waves, 958 
Nucleus of atom, steady rotation about, 152 
Numeric computations of delay, 879 
Numeric parameter for arbitrary elliptical 
polarization, 787-788 
Numerical applications, dissipative wave 
medium, 42, 45-56, 117-138 
field losses, 42, 45, 46, 117-138 
ground, 16-17, 29-31, 33-35, 36, 40, 42— 
56, 70, 98, 118-138 
ocean medium, 41-44, 46, 47-49, 52, 54, 
400, 823, 824, 835, 836, 838-844, 852, 
857, 859, 860, 861, 862 ' 
path triangle, direct and ground-reflected 
ray, 871-874 
phase velocity, 29, 44-56, 380, 384, 392— 
394, 397-400, 906-912 , 
propagation constant, 30, 44-56, 906-912 
wave propagation, 45-56, 906-912 
wave reflection, at surface of medium 
separation, 897-899, 903-912, 913— 
929, 935-958 
Numerical conductance, 436 
Numerical load admittance, 442 
and its conjugate, 443 
Numerical susceptance, open-ended and 
short-circuited stub, 443 
Numerical values, earth crust, electro- 
magnetic properties, 12, 16, 30—-31,'34, 
36-37, 39, 41-45, 47-52, 54-56, 59-62, 
128-130, 136-138, 833-863, 900° ~~ 


O 


Q, factor, King theory, cylindric radiator, 
710 j 
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Obstacle, diffraction, 1028 
wave (see Wave obstacle) 
Obstructed (partially) space radiation, 789— 
1017 
Obstructions (see Wave obstruction) 


Ocean, condition, quasi-dielectric effects, 
837, 947 

dissipative wave medium (see Medium, 
ocean) 


earth surface, Brewster dip, 852 
electromagnetic properties, 47, 49 
reflector, 946 
water, dielectric constant, 6 
index of refraction, 859 
Q value, 6, 136 
wave medium, 394, 400 
Odd and even half-wave distributions, 
linear radiator, directivity and electric 
field formulas, 544 
Odd half-wave distributions, Lecher radia- 
tor, radiated power, 505 
Oersted, electromagnetic cgs unit for 
magnetic field intensity compared with 
mks unit, 1252 
Ohmic resistance, internal, cylindric radia- 
tor, 713 
Ohm’s law, electromagnetic field, 4 
moving in space, 4 
generalized, wave impedance, dissipative 
wave medium, 17, 40, 43, 45 
Omnidirectional antenna, 623 
Omnidirectional radiator, equivalent power 
directivity, 630 
Omnidirectional reference standard antenna, 
watts for standard, 626 
One meter of wave propagation, 362 
One-to-one impedance line transformer, 
applied to coaxial and parallel-wire 
line conversion, 526 
Open- and closed-line integral, 25-26 
and radiation, 779 
from condenser, 101 
Open and closed stub, matching, 432 
Open-ended double line, formulas, 416 
Open-ended linear conductor conditions, 456 
Open-ended quarter-wave line section, 
double line, 415 
Open-ended and_ short-circuited double 
lines, oscillatory variations with length 
of line or stub, 409 
for stubs, formulas for input admittance 
and impedance, 416 
Open rectangular wave guide, diffraction 
radiator, 1124, 1126-11386 
Open stub, matching, 431 
Openings, apertures, in wave obstruction, 
784 
rectangular guide, 
1126 
Operating frequency, wave guide, 384, 1188, 
1190, 1193, 1213, 1215, 1222-1225 
Operating wavelength smaller than cutoff 
wavelength, 1187 


diffraction radiator, 
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Operation V, on a scalar, 1271 
on a vector, 23, 1272 
Operator V, 197, 1271-1275 
directional derivative of a scalar, 197, 


1272 
Optical Fresnel relations, reflection and 
refraction, applied to radio waves, 

790-796 


Optical reflector (see Mirror) 
Optimum electromagnetic horn, formulas, 
1184 
Optimum gain, half-wave dipole and reflec- 
tor, 1287 
Optimum Q, 
effect, 487 
Optimum range of frequencies, wave duct, 
996 
Optimum ratio, coaxial line, 483 
Order N of harmonic excitation, linear 
radiator, 557 
Orientation, effect, of cubical dissipative 
wave medium, 29-35 
of individual half-wave radiators, 595 
of particular wave médium, 33 
in space of linear differential radiators, 
607 
for wave pickup aerials, 29-35 
Orthogonal confocal hyperbolas and orthog- 
onal confocal ellipses, 551, 556 
Orthogonal coordinates and systems, 18, 20, 
144-146, 215 
for Maxwell’s equations, 144-151 
transformations into other systems, 146— 
151 
Orthogonal curvilinear coordinates, 145-147 
applied, 215 
Oscillation constant, and characteristic line 
impedance analogies, 7 
of empty space, 391 
Oseen and Hallén theories, 
radiators, 705 
viewpoints on radiation, 709 
Oseen model, cylindrical radiator, 709 
and Hallén models, potential distribu- 
tion and current distribution, 710 
Outgoing and reflected electric and mag- 
netic fields, Schelkunoff bicone line, 78 
Outgoing and reflected electromagnetic 


concentric line, dimension 


cylindrical 


waves, 895 
Outgoing and returning wave functions, 
337 


P 


P polynomial of Legendre equation, 328 
P and Q functions, 328 


Parabolic cage reflector and linear radiator 


along focal line, 1028 

Parabolic curvature applied to earth crust, 
871-872 

Parabolic cylindrical antenna, 1182 | 


4 


Parabolic earth curvature, numerical ap- — 


plication, 872 


SUBJECT INDEX 


Parabolic projector, different openings, 
beaming, table, 1031 
diffraction pattern, 1032 
electromagnetic, wavelet concept applied, 
1028 
main beam width, table, 1034 
radiating system, 1028 
radiator, 350 
reflector causes Huygens wavelets, 1021 
Paraboloid beam width and aperture width, 
curves, 1035 - 
Paradox of radiation, 649-650 
Parallel conducting sheet, microwave optics, 
1241 
Parallel half-wave radiators, mutual effects, 
formulas and numerical applications 
tabulated, 696 
three, computations, 695 
two, mutual radiation resistance and 
reactance, formulas and table, 670— 
671 
Parallel-line to 
526 
Parallel metal planes and electromagnetic 
power transfer conditions, 968 
Parallel and perpendicular polarization, 882 
general case, 881 
Parallel polarization, analyzed, 884 
general case, 881 
perfect reflector, analyzed, 965 
perpendicular wave incidence, reflection 
and refraction coefficients, 803-804 
reflection coefficient, 798, 800-804, 808, 
811, 814 
refraction coefficient, 808-809, 812-813, 
960 
Parallel ribbon line, 68 
and biconical line compared, 79 
relation to characteristic impedance, 73 
Parallel and series feed, half-wave radiator, 
697 
several identical inphase half-wave radia- 
tors, radiation resistance, 673 
slot radiator array, 1112 
possible applications, 1116 
Parallel-wire feeder, self- and mutual radi- 
ated power, 192 
Parallel-wire field effects analyzed by means 
of two differential linear antiphase 
radiators, 499 
Parallel-wire line, and Laplace equation, 
475 
Lecher, 95, 97, 191, 403, 407, 484 
attenuation formula, 414 
standing-wave current distribution, 701 
traveling wave, excitation, 521 
radiation, 521-524 
Parallel-wire radiation, application of 
Green’s theorem, 490 
Parallelepiped, 109, 197, 215 
Parasitic antenna, 9, 652, 654, 688, 692-694 
and driven radiators, 652 
numerical application, 688-694 


coaxial-line conversion, 
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Parasitic radiator (see Parasitic antenna) 
Partial differentiation and partial integra- 
tion applied to radiation, 513-514 
Partial harmonic radiation suppression, 

quarter-wave end radiators, 565 
Partial integration, explained and applied, 
511-514 
Partial radiation suppression, 548, 557-568 
Pass and attenuation region, wave guide, 
374 
Path curvature, modification, 987 
Path difference, 10, 845-849, 864, 867-887, 
888-895 
between reference distance and current 
element, 612 
of direct and indirect ray, 933-937 
map measure method, 891 
electric, 446 
Path triangle, formed by radiation and 
reception centers, reflection point on 
earth crust, 868 
horizontally polarized waves, 877 
spherical earth, diffraction, 1074 
of wave in earth crust, 56-63, 899-912 
Pattern, amplitude and power directivity, 
half-wave radiator, 633 
diffraction of parabolic projector, 1032 
directivity (see Directivity patterns) 
field (see Field patterns) 
Fraunhofer (see Fraunhofer patterns) 
Fresnel (see Fresnel patterns) 
radiation (see Radiation patterns) 
Pearcy, T., on wave duct, 1237 
Pekeris, C. L., on wave duct, 1237 
Penetrating field power, copper plane, and 
cylinder and rectangular tube, 898, 
1193, 1196-1199, 1203-1214 
Penetration, depth of, into copper medium, 
51, 477 
into dissipative wave medium, 51 
of potential barrier by electrons, 997 
of wave, into copper plate, 51, 477, 
899 
into conductive medium, 48, 898-899, 
1193, 1196-1199, 1203-1214 
into dissipative wave medium, 11, 28— 
31, 33-37, 41-63, 70, 111-133, 135— 
143, 895-912 
into ocean wave medium, 137 
into partially conductive medium, 45- 
52 
reference value, 49 
Per meter wave propagation, 362 
Perfect dielectric wave medium, group and 
phase velocity relation, 381 
Perfect ground conditions, 915 
Perfect metallic reflector, reflection coeffi- 
cient is +1, depending on polarization, 
855 
Perfect reflection, surface of medium separa- 
tion, definition of, 792 
Permeability, nonferromagnetic 
29 


rock, 
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Permeability, relative, 5 
unit explained, 65 
wave medium, 4-5 
Perpendicular polarization, 
polarization, 798-824 
general case, 881 
reflection coefficient, 798, 800-808, 811, 
814 
refraction coefficient, 808-809, 812-813, 
960 
Perpendicular wave incidence, applied to 
copper sheet reflector, 899 
on copper plane, penetrating field power, 
899 
parallel polarization, reflection coefficient, 
803-804 
refraction coefficient, 803-804 
perpendicular polarization, reflection coef- 
ficient, 803-804 
refraction coefficient, 803-804 
reflection coefficient, 803, 814 
Phase, fixed, surface of, 369 
relative, 9, 16-17, 30 
between electric and magnetic field, 
conductive wave medium, 43 
dielectric wave medium, 17, 41 
dissipative wave medium, 17, 36, 42, 
43, 45, 46 
earth crust, 17, 36, 42-43, 45-46 
Phase advance, and amplitude distortion, 
certain wave propagation conditions, 
394 
injected, 446 
Phase angle, 10, 16, 30 
due to path difference, 10, 845-850, 875—- 
880, 885, 888-895, 899, 913-920, 930-— 
937, 939-947 
general medium, 30 
line impedance (lengthwise) and line 
admittance (crosswise) per meter, 
407 
total, linear antenna alignment, 581 
vertical and horizontal polarization, 
945 
wavelengths of propagation, 
872, 878-880 
Phase constant, 362, 365 
in air and feeders compared, 446 
dissipative wave medium, 137 
formula for line, 371 
guide direction, 381 
Phase delay, wavelet, dependent on wave 
incidence on aperture, 1116 
Phase difference, found from phase front 
definition, 445 
Phase distribution, double line, 437 
Phase factor; 805, 929 
applied, 875 
cannot be taken out of integral like in- 
verse distance factor, 91 
fixed and variable factor of, 612 
Fresnel diffraction, important, 1157 


and parallel 


453-454, 
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Phase factor, imaginary angle, 805 
impure, 822 
real negative exponent, 806 
and wave obstacle, 789 
Phase and group velocity, 50 
applications, to guide modes, 380-385 
to TE waves, 376-377 
curve, wave guide, 384 
details, 380 
formulas applied, to cylindrical guides, 
378-379 
to different systems of propagation, 
371-379 
illustrated, 369, 371 
(See also Phase velocity) 
Phase integral method, T. L. Eckersley, 
1066 
Phase jump (abrupt) at Brewster angle of 
wave incidence, pure dielectric wave 
medium, 854 
reflection coefficient, half-wavelength 
jump, 931, 933-934, 951 
Phase lag, 137 
vertical and horizontal polarization, 860 
Phase reflection factor, horizontal and verti- 
eal polarization, 894 
Phase shift, positive and negative, 446 
Phase shifters applied to antenna array, 446 
Phase velocity, 366, 368-379 
conductive wave medium, pronounced, 
51 
dissipative wave medium, 54-56 
formula, 29 
earth crust neighborhood, 907 
electromagnetic lens, 1240-1242 
explanation, curved radio beam, 982 
extreme values, 392 
formula, 366 
based on voltage and current concepts, 
and Maxwell’s field concepts com- 
pared, 402 
and frequency, 394 
general (dissipative) wave medium, 29 
larger, than group velocity, 386 
than velocity of light, 368 
partially conductive wave medium, 45, 
49, 50, 52-56 
rectangular guide, used as diffraction 
radiator, 1127, 1196 
TM modes, cylindrical wave guide, 380 
troposphere, 976-977 
vacuum, 7 
to velocity of light, ratio effect on direc- 
tivity, Beverage single-line wave 
pickup, 458-461 
(See also Group and phase velocity) 
Phasing and alignment, consecutive radi- 
ators, 593 
equal and natural, and equivalent net- 
work for radiation resistance, 686 
of feeders, 412, 427-428, 430, 431, 433, 
435-445, 448 ; 


| 
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Phasing and alignment, half-wave radiators, 
front and reflector plane conditions, 
602 
transmitting antennas, and reflectors, 
448 
by phase distribution along feeder, 700 
and spacing of radiators along a co- 
ordinate axis, 593 
by stubs, 412, 427-435, 436-445 
Physical interpretation of mathematical 
formula, 11-20 
Physical length and equivalent length com- 
pared, 518 
Physical meaning, of curl of vector, 22-24 
of divergence of vector, 22-24 
Physical terminals of lines and comple- 
mentary waves, 492 
Pickup direction finder (loop), orientation 
at different distances in near- and 
between-field region, 20 
Pierce, J. R., on traveling-wave tube, 417 
Pistolkors, A. A., radiation resistance, 648 
Pistolkors ring-shaped slit diffraction radia- 
tor, 1280 
Plane, of constant amplitude, 366 
and plane of constant phase of wave 
front, 791, 793 
of constant phase, 365, 366 
not coinciding with plane of constant 
amplitude, 366 
for incident, reflected, and refracted rays, 
792 
of medium separation, 791 
obstructed wave media, 790 
of reception centers, diffraction, 1082 
Plane aperture, exposing primary wave 
front, general conditions, 1154 
Plane conductor, internal impedance, 1196 
Plane and curved earth, wave spread, 885— 
887 
Plane earth attenuation factor, 1074 
curves, 1076 
Plane electromagnetic wave, 4, 119, 317 
power flow per unit area, 64-65 
Poynting vector, 64 
propagation, 64 
along a definite direction, 44 
Plane metal reflector, relative field ratio, 
1005 
Plane wave, 8, 19, 64, 113, 302 
directional and associated electric and 
magnetic field gradients, 40 
and electric and magnetic current sheets, 
367 
fixed phase for phase velocity concept, 386 
Plane wave front, 8, 113, 509 
concept, 250 
magnitude of Fresnel zonal areas, 1027 
polarization, 785 
radiator, any contours, 1146 
uniform electric current illumination, 
1028 
with wavelets, beam width, 1033 
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Plunger in stub, 428, 430-433, 448 
PM and FM side pairs, 399 
PM wave and phase and group velocity, 
369 
Poincaré, H., diffraction theory, 1034 
Point charge, 152 
moving, 152 
Point function, 20, 24, 1272 
Point radiator, hypothetical, 611 
Point-source radiator, 7, 611 


Point-source reference radiator, antenna 
gain, 624 

Point wavelet sources, Huygens principle, 
1019 


Poisson current density relation regarding 
flow function, 301 
Poisson equation, 151, 299-301, 1272 
current density and flow function, 301 
for fixed current density, 301 
and Laplace equations compared, 300 
potential and space charge, 300 
two-dimensional, applied, 489-490 
Pol, B. van der, and H. Bremmer, on dif- 
fraction, 1065 
field intensity formula, 346 
wave diffraction formula, 346-348 
Polar directivity in plane of circular 
radiator, 752 
Polar field patterns, meridian, linear radia- 
tor, reference metal plane, 866-867 
in presence of reflections, 913 
radiation, vertical and horizontal polar- 
ization, 920, 953 
rectilinear and propagation with refrac- 
tion, 1003 
two elementary linear radiators, excited 
in antiphase, different spacings, 571 
Polar and rectangular plots, relative field 
amplitude directivity, cylindric metal 
surface radiator, 771 
Polarizability, 971 
Polarization, angle of, 940 
arbitrary, 786 
atom, 152 
circular, 549-550, 785-788 
of incident wave and pickup system, 
795 
definition of, customary radio engineering, 
17 
distinction, incident radio wave, 790 . 
distribution, uniform, 1184 
experimental sharp wedge electro- 
magnetic diffraction, 1051-1060 
electric (see Electric polarization) 
electromagnetic wave (see Electromag- 
netic wave, polarization) 
elementary linear radiator, near-field 
region, compared with finite linear 
radiator, 551 
elliptical (see Elliptical polarization) 
general, 17, 792 
generalized equivalent length, 787-788 
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Polarization, gyration, 786 
helical, 785—788 
horizontal (see Horizontal polarization) 
linear, 549-551, 785—788 
magnetic (see Magnetic polarization) 
molar, 973 
parallel (see Parallel polarization) 
per cubic meter, troposphere, 972 
plane wave, perpendicular and parallel 
compared with horizontal and verti- 
eal polarization, 798 
potential, 90 
radio wave, 794 
resultant, 785—788 
right- and left-handed, 786 
separation, 815 
shift, wave guide, 1221 
spiral, 785-788 
type of, 785-788 
vertical (see Vertical polarization) 
volume density of, 239-240 
and wave front, linear radiator, 549- 
557 
of waves, 28, 785—788 
Polarized field, arbitrary polarization, 787 
Polynomial, Legendre, 328 
Positive and negative lobes, 765, 771 
Positive phase shift compared with negative 
shift, 446 
Positron, 240 
Possible fields within guide, 357 
Potential, current, and Hertz functions, 
applied to space radiation, 276— 
273, 280 
guided and unguided, 284-291 
for Hertz vector, 284, 300 
electric, Cartesian, cylindric, and spheri- 
cal coordinates, 300 
double layer, 157 
heterogeneous wave, dying off along line, 
496 
homogeneous wave, along line, 496 
across magnetic double layer, 157 
relation, retarded volume charge con- 
centration, 300 
retarded, 300 
Power, complex, definition and derivation 
method for electromagnetic field, 210— 
214 
dissipated, per cubic meter of dissipative 
medium, 138 
per meter distance, coaxial line, 482 
field, maximum available in unit space 
volume, 37 
hump movement, 387 
instantaneous, 134 
flow, 113, 115 
mutual, of two half-wave radiators, 667 
penetrating into copper plate, formulas, 
899 
phase difference, 138 
radiated (see Radiated power) 


Power directivity, and amplitude direc- 


tivity, table, half-wave radiator, 535 
antenna array and radiated power, 621 
aperture radiator, normal and inclined 

primary wave front, 1115 
average, linear radiator, 626 
circular and _ rectangular~ wave-front 
radiators, 1141 
in desired direction, 627 
diffraction, 1094 
formula, electric and magnetic radiation 
vectors, 616 
Poynting vector and distance to field 
point, 616 
half-wave radiator and directivity of 
isotropic radiator compared, 630 
linear radiator, different harmonic modes, 
545 
with and without partial radiation 
suppression, half-wave end radiators, 
565 
maximum undeterminate, solution, 1094 
one and two half-wave radiators, 633 
and Poynting vector relation, 619 
radiation intensity, electric and magnetic 
radiation vectors, distant field effects, 
617 
Schelkunoff, electric and equivalent 
magnetic radiation vectors acting, 
617-619 
total, for electric and magnetic current 
sheets, 619 
in watts per unit solid angle, electric 
radiation vector and operating fre- 
quency, 616 


Power factor, 138 


and phase difference, wave in dissipative 
medium, 138 


Power and field advantages in db, antenna 


array, 621 


Power and field gain, antenna array, 620 
Power flow in watts, of electric elementary 


dipole, 158 
of magnetic elementary dipole, 158 


Power gain, 1183 


of two: radiators over a single linear 
radiator, 632 


Power guide, rectangular, 1201 
Power line, mutual radiation resistance, 519 


radiated power, 521 
self-radiation resistance, 519 


Power loss ratio, mismatched to matched 


line, 427 ‘ 
wave guide, 1204 


Power radiation, Lecher wires, with half- 


wave current distributions, 506 
with odd half-wave current distribu- 
tions, 505 


Power relation, electromagnetic waves 


moving in medium, 4, 111-117 


Power transfer, of incident, reflected, and 


refracted radio beam at plane of 
medium separation, 794 
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Power transfer, for a nonuniform field, 
double line, 73 
by pz and pz,z concepts, 284 
in radiation system, 451 
ribbon double line, 71 
between two reflectors, angle of wave 
incidence effect, 968 
useful, of a double line, in field region 
and not in conductors, 71 
Poynting electromagnetic energy flux, for 
half-wave radiator in unobstructed 
wave medium, 505 
and surface divergences of 
volume, 38 
Poynting radiation, applied to multiple 
parallel conductors, 470 
vector applied, 71 
Poynting theorem, general, 19, 41, 201, 208, 
249 
Poynting vector, 19, 39, 115, 122, 196 
air and distilled water, 41 
applications, 35, 536, 562, 628, 886 
to coaxial line, 480 
to go and return of Lecher line, 506 
‘to linear radiator, 415, 505 
to wave-spread solution, 886 
average value, 629 
classical definition of, 131 
complex, 122, 127, 128, 196, 209-214 
dissipative wave medium, numerical 
examples, 128-133 
real part applied to coaxial and parallel 
wire solution, 474 
solution, 1275 
components, 35-39, 203-204, 206-209 
conical antenna, 73 
dielectric wave medium, 35 
direction cosine, 208 
directivity, current and inverse distance, 
536 
dissipative wave medium, 35, 42 
divergence of, in pure dielectric wave 
medium, 35 
effective electric and magnetic field 
formulas, antenna array, 621-622 
expressed in electric field and character- 
istic wave impedance, certain type of 
dissipative wave medium, 36 
field components, applied to Lecher line 
radiation, 499 
field in distant radiation region, 648 
field energies, 35 
field energy contribution of go and return, 
Lecher line, 507 
formulas, 249-258 
radiation vector components, 615 
for Lecher wires, and fixed value of wire 
spacing in wavelength, 508-509 
effect of factor, 1-cos 5, 507-509 
effect of spacing, 508 
and linear radiator, amplitude directivity, 
formulas, 623 
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Poynting vector, method and emf method, 
field energy formulas, 648 
moving electromagnetic field energy, 64 
notes and formulas, 201-209 
power directivity relation, 619 
radiation, conical antenna, 73-76 
radiation vectors, 71, 615 
real and imaginary divergence ratio, 123, 
125 
real part, 36, 41, 125 
real value of, 75 
power loss along line and guide, 480 
three-dimensional space direction, 508 
time average, 37, 65, 115, 117, 118, 120, 
131-138, 629 
wave-front surface product, related to 
energy continuity, 885 
Primary radiation center, 1021, 1022 
Primary radiation source location and cur- 
rent sheets, advancing primary wave 


front, 367 
Primary and secondary radiation effects, 
342 


Primary wave front, fictitious current 
sheets, electromagnetic diffraction radi- 
ation, 1092 

Fresnel zones on, 1022 

mosaic of Huygens wavelets, 1092 

normal and inclined to aperture radiator, 
formulas, 1115 

surface of equal phase, 1020 

Principal beam of paraboloid as a function 
of aperture, 1035 

Principal and complementary waves, 97, 
491-498 

Principal double-line wave and Laplace 
equation, 475 

Principal Fraunhofer field amplitude pat- 
tern, 2- and 5-shot apertures, general 
formula, 1120 

Principal TEM wave, not limited by cutoff 
frequency, 96 

Schelkunoff double-cone radiator, 76 
Principal waves, 74, 76, 85, 93, 97, 491-498 
bicones, electric and magnetic fields, 
transverse voltage and longitudinal 
current, 735 
within spherical boundary surface, 77 
Probe, 425, 427 
linearity, checked by mathematical and 
experimental sine curves, 426 
correction, 426 
location for any load impedance, 425 
measurement on line, 421 

Product solution, wave equation by means 
of separation constant method, 294 

Progression, geometric, applied to antenna 
array, 447 

Progressive divergent electromagnetic field, 
$32, 1279 

Progressive wave, 112, 235, 270, 282, 293, 
$15, 317, 1279 
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Progressive wave, compared with advancing 


and reflected waves, 64, 68, 74, 78, 
101, 111-117, 274-283, 288, 289, 304, 
320, 337, 364-365, 408, 410, 413, 417— 
420, 422, 456-469, 498, 505, 735, S06— 
807, 895-897, 912, 948, 946-951, 956— 
957, 1013, 1020, 1022, 1026, 1037, 1039, 
1048, 1050, 1052-1053, 1057 
Propagation, in arbitrary direction, 787 
atmospheric, 250 
characteristics of, 362-401 
classic and anomalous, 784 
curved path, 970 
definite direction, plane wave, 44 
dielectric medium, 46 
direction changed due to refraction, 366 
dissipative wave medium (earth crust), 
30, 46, 50, 56-63, 117-133, 135-143, 
390-391, 796-829, 839-863, 895-912 
gradient, 969 
ocean, 48-56, 136-138, 900-912 
phase delay, 365 
of phase or state, 386 
in quasi conductor, 45, 48 
in quasi dielectric, 46 
ratio, 365 
TEM wave, 70, 74, 77, 80, 81, 92-93, 95, 
285-291, 292-296, 402, 406-449 
hybrid, 94 
velocity of, 4, 29, 368-401 
at surface of medium separation, 791 
Propagation components, 320 
Propagation constant, 42-46, 48, 50, 53, 56, 
58, 59, 70, 262, 291, 293, 302-304, 306, 
308, 317, 320-326, 362-365, 374-378, 
381, 390, 408-412, 455 
dissipative wave medium, applied, 30, 44, 
52-58, 70, 126, 164, 302, 801, 813, 821 
attenuation and phase constant, 30 
general remarks, 362-364 
formulas, dielectric and dissipative wave 
medium, reflection, 801 
generalized radian/meter, double line, 406 
good conducting medium, applied, 477 
along guide, 262, 303-304, 306, 308-309, 
374-375, 378-381, 493, 1215-1217 
loss angle of dissipative wave medium, 
46 
medium quality (Q value), 53 
near earth crust, 904-912 
principal and complementary waves, 
double line with radiation effects, 
97, 491-498 
pure dielectric and dissipative wave 
medium compared, 46 
rectangular guide, 374, 381 
and circular guide, 262, 376 
semiconductor and dielectric, 50 
solution for real and imaginary part, 390 
three-dimensional, 50, 316, 320, 323, 390 
attenuation and wavelength constant, 
30, 53 
wave guide (see Wave guide) 
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Propagation constant, wave medium (see 
Wave medium) 
over wet soil, 796-826, 836, 842, 849, 855, 
858, 860, 900, 917, 936, 939, 941, 
942, 954-957 
(See also Wave propagation) 
Proton, 240 
Proximity effect, parallel wires, Lecher line, 
414 
Pryce, M. H. L., on wave duct, 1237 
Pseudo Brewster angle, formulas, 826-829 
plots (curves), 849-852 
of wave incidence, significance, 853-860 
Pseudo cutoff frequency, guide, 1216 
Pseudo nodes, 697 
Pulse, of any kind, 360 
energy, 360 
equivalent, 360 
ideal, 360 
modulation and pure dielectric wave 
medium, 394 
number of possible complete cycles, 360 
shape, 360 
sharp, causing wavelike disturbance, 366 
single, and harmonic wave, comparison 
formulas, 389 
steady-state condition, basic to phase 
velocity, not holding, 389 
width, 360 
Pulsed radio waves, 360 
Pure dielectric, 3, 15, 35, 41, 65, 68, 70, 94, 
791, 793, 796, 797, 799, 800, 805-808, 
811-813, 815, 834, 835 
Pure diffraction pattern, 1121 
Pure electron discharge, 4 
Pure radiation region, 163, 174, 175 
Pyramidal horn, 1091 


Q 


Q, figure of merit, Q value, definition of, 
5, 52, 142 
general dissipative wave medium, 5, 52, 
142 
ground, earth crust, 347 
polynomial of Legendre function, 328 
smallest value of concentric line, 487 
transmission line, parallel wires spaced, 
486-487 
a(qa + 1) identity, 338 
Q coaxial line, frequency and inner diameter 
effect, 487 
Q and P functions, 328, 331 
Q value, coaxial line, formula for operating 
frequency effect, 487 
dissipative wave medium, 52, 140, 142, 
393-401, 1076 
guide, 1226 
lines, 415, 487 
wave medium, 5, 6, 52, 142 
Quality, of dissipative wave medium and 
phase velocity effect, 5, 6, 52, 142, 393- 
401 
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Quality, of double line, 415 
electromagnetic, of earth crust, 1076 
of ground, formula, 347 
of wave medium, formulas, 52-56 
Quantum theory and wave phenomena, 1019 
Quarter- and _ half-wavelength, exposed 
radiator and sections, concentric line, 
radiation resistance, 568 
sections with aperiodic feeder, 699 
Quarter-wave cups, dipole matching, 449 
end radiators, partial harmonic radiation 
suppression, 565 
impedance converters, 698 
inverted, applied, 527 
as radiators and metal insulators, 701 
Quarter-wave Lecher wire and concentric 
line section as matching transformer, 
701 
Quarter-wave line, 438 
between two impedances, matching, 437 
dipole matching, 449 
matching, for positive and negative re- 
actance, 438 
on feeders, 527 
Quarter-wave line section, applied, 527 
to dipole matching, 449 
inserted between Emin and remainder of 
line, 436 
as metallic insulator, 701 
properties, 409 
Quarter-wave radiator tips, 649 
Quarter-wave sleeve, alternate mounting, 
spaced half-wave radiators, 703 
applications, 527 
dipole gap terminals dynamically in- 
sulated from ground by, 703 
as partial radiator, 694-705 
as radiator and as insulator, 701 
Quarter-wave transformer, dipole matching 
to feeder, 449 
impedance matching, 435 
Quartz (fused), conductivity, 404 
relative dielectric constant, 404 
Quasi conductor, 50 
Quasi dielectric, 50 
Quasi-dielectric behavior of ocean surface, 
837 
Quasi-dielectric reflector, ocean, conditions, 
947 
Quasi-perfect bicones, 82 
earth crust reflector, 928 
Quasi-resistive wave impedance, 41 


R 


Radar, return fields discussed, 887-895 
Radial electric field components, 77 
in near region, 553 
Radial field, 87, 89 
differential and Hertz doublet, 161, 163 
wave (outward moving), 497 
Radian, solid, 629 
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Radiated aperiodic feeder power and actual 
antenna radiation power compared, 468 
Radiated power, for array, 626, 627 
cone antenna, 75 
conical radiator with horizontal refer- 
ence plane, 76 
electric, current distribution, 609 
dipole, 158-159 
even and odd standing-wave distribu- 
tions, linear radiator, unobstructed 
wave medium, 506 
formulas, electric and magnetic current 
density distributions, 620 
half-wave radiator, in front and backed 
up by metal reflector, 1004 
unobstructed wave medium, 505 
interaction of electric and magnetic cur- 
rent distribution, 610 
Lecher feeder (parallel-wire line), self- and 
mutual power formulas, 192 
Lecher radiator, even half-wave distribu- 
tions, 506 
odd half-wave distributions, 505 
Lecher wires, for one conductor, and 
mutual effect, 500 
linear radiator, 536, 625 
full-wave excitation, 506 
magnetic current distribution, 610 
magnetic dipole, 158-161 
power directivity and solid space angle, 
formulas, 621 
power line, commercial frequency, 519, 
521 
Poynting vector and induced voltage 
method, 188-190, 192, 235, 515-516, 
608 
and radiation resistance, different excita- 
tions, linear antenna, 537 
for reference standard antenna, 626 
relations, Lecher wires, 500 
on systems with partial radiation suppres- 
sion, 563 
total, electric and magnetic current dis- 
tributions, 610 
double line, 71 
trapped, ideal ribbon double line, 71 
two linear radiators, self- and mutual 
watts, 666 
in unobstructed space, 537 
wave-front surface causing, 628 
Radiating horn and current sheets, S57 
Radiation, action, 3, 19, 101 
circular wire antenna, 747—759 
closed current loop, 779 
condenser, 101 
conductivity, apparent, 3 
cylindric metal surface, 765-772 
db gain, 627 
differential linear radiator, 31 
directivity patterns, higher 
excitation, 538 
effects of, condenser at VHF’s and UHF’s, 
100-103 


harmonic 
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Radiation, effects of, dipole, 
obstacles, 194 
equatorial plane, several equal radia- 
tors, 581 
linear conductor, 461 
standing and progressive wave, 456— 
461 
electromagnetic discontinuity, 779 
obstructions, 789-1184 
energy density, 4 
half-wave radiator, point source and 
Hertz doublet compared, 938 
infinitely long parallel-wire line, 488 
linear antenna, 529 
lobes, 640 
magnetic dipole, 158-163 
field-to-induction field ratio, holding for 
magnetic and electric dipoles, 173 
modified in same feeder, 492 
multiple parallel-wire system, 469 
along spherical earth crust, 336 
transmission line, 402-525 
unobstructed, 529-788 
summary of, 784 
Radiation advantage, 627 
aerial system formulas, 624 
corresponding db gain, elementary linear 
radiator and Hertz doublet, 624 
definition of, 623 
formulas, 629 
half-wave linear radiator, 629-630 
integer half-wave distributions, 
radiator, 629 
radiator, 623 
two radiators over a single linear radiator, 
632 
Radiation beam, guidance, 56 
Radiation center, 120, 608, 929-930, 1019-— 
1022, 1037, 1040, 1089 
distributed in space, 592 
mosaic, 592, 594 
secondary, 1020, 1021, 1040 
Radiation field, 3, 89, 159, 160, 171-175, 
186, 187 
electromagnetic, differential Lecher line 
section, 501 
limit, 19 
of radiator, 3, 19, 233 
region, 3, 19, 173 
Radiation flux per square meter wave-front 
surface, 4, 25, 35, 36, 39, 41, 65, 112, 
125, 203, 207, 209 
Radiation formula, general, 592-595 
linear curtain radiators, 595 
space lattice, applied, 596-599 
use of sine and cosine expansions, 782 
Radiation gain, array, referred to maximum 
field value, single half-wave radiator, 
620 
Radiation intensity, circular aperture radi- 
ators aligned, 1149 
formulas, radiation vectors, 616 
and power directivity, 1093 


near wave 


linear 
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Radiation intensity, Schelkunoff and 
Poynting vector relation, 619 
Radiation paradox, 649-650 
Radiation patterns, over actual and ideal 
earth crust, 903-949 
comparison, 938 
cylindric radiator, 766 
dependent upon height-frequency prod- 
uct, 956 
disk radiator, 762 
forward-thrust factor, 603 
free-end quarter-wavelength radiators on 
concentric line feeder, 568 
over perfect and actual earth crust, 912— 
928 
in plane of circular wire radiator, 750 
vertical, actual earth surface, 952 
ideal, and wet soil conditions, vertical 
and horizontal polarization, 957 
Radiation power, linear radiator, formula, 
465 
standing-wave excitation, 465 
traveling-wave (outgoing) excitation, 465 
Radiation region, 19, 171, 174, 175, 186 
Radiation resistance, antenna arrays, over 
metal reflector, 1009 
aperiodic feeder, power flow to radiator 
and radiated power, 468 
for waves, 466—468 
and characteristic impedance, 
TEM wave, 67, 73. 
circular loop, 784 
collinear half-wave radiators, 681 
cone aerial, 76 
conical radiator with perpendicular refer- 
ence plane, 76 
current antinode reference, 563 
current loop, any shape in a plane, 784 
with a gap for driving voltage, 783 
dipole, different from half-wave current 
distribution, 663 
double integral solutions, parallel-wire 
line, 511-514 
double line, solution for, 510 
electric dipole, 160, 166 
electric and magnetic dipole, 159-161 
electric power line, 519 
elementary linear radiator, 517 
from field power and reference effective 
current, 537 
formula, applied to case with partial 
radiation suppression, 566 
exposed concentric line section radia- 
tors, 567 
flat metal reflector, 1010 
graphical integration and evaluation of 
power directivity pattern, 538 
guided ribbon line interspace, 67, 72 
half-wave dipole, 251 
folded, and other multipoles, 662 
half-wave Lecher feeder, 193 
half-wave radiator formula, 192, 251 


guided 
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Radiation resistance, half-wave radiator, 


metal reflector curves, with and 
without reflector, 1013 
metal sheet backup reflector, 1009 
is 120 times average power directivity, 
538 
individual half-wave radiators over metal 
plane, 1014 
infinitely long conical radiator, 76 
irregular half-wave radiator array and 
phasing, 683 
Lecher radiator, solution, 510 
linear half-wave radiator, depends on feed 
location, 684 
unobstructed radiation space, 251 
linear radiator, different excitation of, 537 
/20 long, 626 
perpendicular metal reflector, 1016 
sinusoidal current distribution, 536 
magnetic dipole, 161 
small current loop, 159 
magnetic and electric dipole, 159-161 
meaning of, 684 
mutual (see Mutual radiation resistance) 
open-ended double line, short electrical 


length, 517 
parallel-wire line, traveling waves, 523— 
524 


plot, inphase and alternate antiphase ex- 
citation of half-wave radiators, 676 

power line, commercial frequency, 520 

quarter-wave and half-wave exposed sec- 
tions of concentric line, 568 

related to characteristic impedance of rib- 
bon double line, 73 

ribbon-line guided, trapped in between- 


space, 73 

self- and mutual effects, Lecher wires, 
192-194 

several identical inphase half-wave radia- 
tors, 673 

solution, formula with Ci and Si func- 
tions, 538 

standing-wave excitation, linear radiator, 
465 

systems with partial radiation suppres- 
sion, 563 


total, Lecher feeder line, 192 
trapped guided radiation, 73 
for ideal ribbon double line, 33 
traveling-wave excitation, linear conduc- 
tor, 465 
two parallel half-wave radiators, inphase 
and antiphase excitation compared, 
667 
for waves, aperiodic single feeder, 466— 
468 
Radiation vectors, absolute amount, 619 
concept, application with details, 614-617 
electric, 620 
and magnetic, guide diffraction radia- 
tor at reception locations, 1129 
vector potential formulas, 613 


Radiation vectors, Lz pattern, rectangular 


guide opening, 1128 
and Poynting vector relations, 615 
Schelkunoff, 609-614 
wave-guide diffraction radiator, 1128— 
1131 


Radiator, antiphase current excitation, 10 


aperture, 1184 

axial cylindric slit aperture, 1182, 1284 

circular aperture slit, 1182, 1280 

circular wire, current distributions, 753 
different wire length, axial field value, 


755 
directivity pattern, Cartesian coordi- 
nates, 751 
driven by common terminal voltage, 
753 


electric field intensity formula, 749 
value along perpendicular axis of 
circle, 754 
and linear half wave, comparison re- 
garding factor 60 of linear radiator, 
754 
maximum electric field effect, 756 
numerical applications of formulas, 
755-759 
polar directivity, plane of circle, 752 
radiation, 747-759 
coaxial, directivity, 773-774 
collinear (see Collinear radiators) 
combination horizontal disk and vertical 
linear radiator, Cartesian patterns, 
763 
directivity pattern, 765 
consecutive, phasing, 593 
spacing, 593 
cylindrical (see Cylindrical radiators) 
diffraction, 1118 
discone, 728 
disk (see Disk radiators) 
driven and parasitic, formulas, 652 
numerical applications, 688-694 
elementary (see Elementary radiator) 
filament, 986 
front row and reflector back row, 638 
half-wave (see Half-wave radiators) 
hypothetical point, 611 
inphase current excitation, 10 
input reactance term neutralized by tun- 
ing, 654 
linear (see Linear radiators) 
magnitude and phase, current, 9 
multislot aperture, computations tabu- 
lated, 1119 
mutual effects, 9, 656-666 
odd and even half-wave distributions, 
directivity and electric field formulas, 
544 
parasitic, 9, 652, 688, 692-694 
several parallel linear, alignment, direc- 
tivity, 579-583 
slot, 17, 1036, 1091, 1097, 1103, 1107, 
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Radiator, space, 10 
staggered and linear, 658-661 
standing-wave distribution, Ci and logio 
functions, 506 
system, gain formulas, 627-641 
thin and linear, current distribution, 531 
two circular, three-wavelength distribu- 
tion, resultant effect, 753 
two linear, directivity in equatorial plane, 
575-579 
two parallel, collinear and staggered, for- 
mulas, 661 
vertical disk and exposed vertical feeder, 
radiation condition, 762—765 
wavelet, 1089 
Radii, boundaries of Fresnel zones, 1024, 
1026 
Radio beam, curvature, dependent on 
height gradient of index of refrac- 
tion, 976 
in troposphere, cause of, 981 
equivalent, 948 
in mountainous territory, 62 
vertical and horizontal polarization com- 
pared, different mediums, 796-826 
Radio wave, guide and electromagnetic 
horn, wavelength comparable with di- 
mension, 1035 
incident, polarization distinction, 790 
polarization, 794 
(See also Polarization) 
Radius effect, cylindric surface radiator, 
770, 771 
Ramo, S., and J. R. Whinnery, on fields and 
waves, 1288 
Random motion of electrons, flow or drift, 
152 
Ratio, of attenuation, 365 
D/d = 3.6, coaxial line and total power 
transfer, 481 
k= Emin/EHmax, 412-413 
of propagation, 365 
of short to long axis, elliptical polariza- 
tion, earth crust effect, plotted 
against dissipative component of 
earth crust, 900 
Ray, antenna image, 932 
bending, equation of, 983 
curvature of, 6, 982 
formula, 982, 997 
upward, condition, 998 
electromagnetic and wave obstructions, 
789-1017 
modification, 1000 
of traces, 992 
Ray theory, and diffraction theory, con- 
cepts, 790 
type of propagation, 318-319 
relations of wave reception over actual 
earth crust, 867-876 
wave propagation, 319 
Rayleigh, L., classical group and phase ve- 
locity concepts, 385 
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Rayleigh wave, 1240 
trains, distorted AM effect of, 388 
Reactance, effect on radiator neutralized by 
tuning, 654 
internal, cylindric dipole, 713 
neutralization, half-wave radiators, 669 
Reactive antenna field stubbed out or neu- 
tralized by shortening linear antenna, 
649 
Reactive and real, field power of radiators, 
651 
resistive components (internal and ex- 
ternal), cylindrical dipole, 713-714 
Real and imaginary divergence ratio of 
Poynting vector, 123 
Real negative exponent, amplitude decay, 
806 
Real part, of complex Poynting vector, 
applied to linear radiator, 505 
of field power is radiation power in non- 
dissipative wave medium, 651 
Received current over reflectors, formulas, 
913 
Received electric field, curved eartl, curva- 
ture effect included, 899 
and location of pickup aerial over actual 
ground, 928 
Receiving aerial, arbitrary linear polariza- 
tion, 787 
Receiving antenna, array solution, 447-448 
Receiving half-wave dipole and plane metal 
reflector, 1006 
Reception, over actual earth crust, ray con- 
cept relations, 867-876 
at transmitter location, 887 
Reception center, 20, 1021, 1022 
Rectangular aperture, cross section of guide, 
1116 
double integral solution, 1111 
Fresnel pattern curves, half- and full- 
wavelength width, curves for compu- 
tations, 1167 
radiator, formula for computing diffrac- 
tion pattern, 1109 
Rectangular and circular gate radiator, 
1173 
Rectangular guide, 260-262, 305-310, 374, 
381-384, 1186-1232 
condition for TEm,o excitations applied to 
diffraction radiator, 1127-1128 
current flow, TEi,0 excitations, 1194 
diffraction radiator, generalized Kirchoff- 
Huygens forward factor, 1135 
dipoles and image dipoles, 1182 
distributions, 1187, 1190 
of possible TH,» waves, 260 
electric field distributions for consecutive 
TE excitations, guide radiator, 1128 
excitation, 1219 
feeders, 1189 
formulas, guide wavelength, 305 
Hertz vector, derived. electric and mag- 
netic fields at opening, 260 
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Rectangular guide, longest TE wave, 305 
Poynting vector, 1199 
radiation from opening, 260-270, 1092, 
1116-1117, 1126-1136, 1183 
radiation vector, Lz pattern, 1128 
TE modes, 381 
wave configuration, 1218 
Rectangular and polar plots, relative field 
amplitude directivity, ge nctic metal 
surface radiator, 771 
Rectangular primary wave-front iaamben 
Fresnel diffraction, 1160 
Rectangular resonator, 1233 
Rectangular slot radiator, Fraunhofer field 
amplitude diffraction pattern, 1097 
Rectangular wave-front radiator, expansion 
of cross section function, 1110 
formulas, 1161 
phase factor and Huygens electromagnetic 
wavelets, 1092 
Rectangular wave guide (see Rectangular 
guide) 
Rectangular window aperture, like conden- 
ser in parallel with inductance, 1116 
Rectilinear propagation deviation, diffrac- 
tion, factors affecting, 1028 
Reduced curl relations applied to propaga- 
tion, 374 
Reference coordinates, 146-147 
Reference field: at one meter distance from 
source, 870 
Reference free-space field values, 870-871 
Reference penetration depth of electromag- 
netic wave, 49 
Reference radiator, 623 
Reference standard for antennas and arrays, 
623 
Reflected beam and earth curvature, 948 
Reflected fields and transmitted fields, guide, 
357 
Reflected and incident current waves, 417 
field components at places above ground 
reflection, 884 
Reflected polarization and discrimination, 
787 
Reflected, refracted, and incident rays, 
planes of constant phase, 792 
Reflected traveling wave, 895 
Reflected wave, 113 
and advancing wave, computation, 115 
vanishing in pure dielectric for Brewster 
wave incidence, 814-815 
Reflecting plane, metal, radiation condi- 
tions, 1003 
Reflection, conductive medium, 10, 855 
curves, pseudo Brewster dip, ocean sur- 
face, 852 
determination on line, with admittance, 
conductance, and susceptance effects, 
theory, 439 
dielectric wave medium, 10, 789-796, 
798-800, 804-820, 834-835 
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Reflection, and direct wave effects, over 
earth crust, 913-949 
dissipative wave medium, 10, 802-804, 
821-829, 836, 841, 842, 845-863, 895— 
916 
concepts of, 853-860 
hundred per cent, surface of medium 
separation, definition of, 792 
law, applied, 962 
Snell, 792 
minimum, vertical polarization, 849-852, 
855, 858, 860 
multiple, analysis, 887-895 
point, tangential plane, 933 
propagation constant, dielectric and dissi- 
pative wave medium, 801 
and refraction effects, simplification, 962 
formulas of optics, applied to radio 
waves, 790-796 
Tadio waves, comparative derivations 
of formulas, vertical and horizontal 
polarization, 798-824 
total, 61, 804-805, 964 
applied, 964 
and total refraction, 820 
vector over actual and perfect earth crust, 
912-928 
wave (see Wave reflection) 
Reflection coefficient, 10, 897, 942 
actual values, 829-839 
at any angle of wave incidence, formulas, 
794 
complex, analysis of magnitude and phase, 
843 
dissipative wave medium, numerically 
applied, 843-845 
curves, magnitude and phase, different 
mediums, 858 
definitions of, in literature, 838 
for obstructed wave propagation, 794 
different earth crust conditions, magni- 
tude and phase, 835 
dissipative wave medium, numerical ap- 
plications, 843 
double line, 412-413 
measurements, 417 
formulas, 798-803, 806, 808, 814-815, 818 
using impedance, 419 
compared with formula using stand- 
ing-wave ratio, 420 
grazing-wave incidence, 860 
half-wave phase jump, 931-934 
line measurement, definition of, 412 
magnitude and phase, 413 
curves for vertical and horizontal polar- 
ization, 851 
of load impedance of line, 436 
of metal reflector is +1, depending on 
polarization, 855 
parallel polarization, perpendicular wave 
incidence, 803-804 
phase of, 10, 801 
and magnitude, 939 
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Reflection coefficient, spherical earth crust, 
1072 
standing-wave ratio on double line, 417 
table, 441 
tabulated computations, dry earth crust, 
836 


ocean surface above 20,000 Mc/sec, 836 
wet soil, 833 
value and phase, different polarizations 
and angles of wave incidence, curves, 
834 
vertical and horizontal polarization, 960 
different angles of wave incidence, 855 
general formulas, 829-830 
magnitude and phase, different wave 
incidences, vector plot, 855 
numerical examples, 837 
vertical polarization, dissipative wave 
medium, pseudo Brewster angle and 
dip, 861—863 
and time phase, minimum for, 871 
waves, actual values, 829-839 
wet earth crust, above 40 Mc/sec, magni- 
tude and phase, 834 
Reflection factor, effect for advancing and 
reflected waves, 115 
vertical and horizontal polarization de- 
rived, 798 
Reflector, backup, 912 
linear radiator, 864 
complex (dissipative wave medium), 10, 
796, 801-804, 821-829 
dielectric mirror, 10, 946 
effect over earth crust, 917 
electromagnetic beaming, 590, 599, 602, 
930, 957, 1009, 1012, 1014, 1028— 
1036 
ideal, simulated by metal plate, 920, 
1003-1009 
Refracted angle, stratum layer, 997 
Refracted radio beam, 143 
transmitted, plane at medium separation, 
793 
Refracted ray, not possible for critical angle 
of wave incidence, 805 
Refracting stratum, 997 
Refraction, angle of, 804 
and diffraction dependent on operating 
wavelength, 1018 
index of (see Index of refraction) 
law of, applied, 962 
Snell’s, generalized, 792, 827 
molar, 971 
and reflection, comparative derivations of 
formulas, vertical and _ horizontal 
polarization, 798-824 
formulas of optics applied to radio 
waves, 790-796 
total, Brewster angle of wave incidence, 
vertical polarization, 814-815 
and total reflection, explanation of, 820 
upward and downward, 143, 984, 987, 
988, 996 
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Refraction coefficient, 803, 804, 806, 808, 
809, 811-814 
parallel polarization, 808-813 
and perpendicular polarization, 808— 
814, 960 
perpendicular polarization, perpendicular 
wave incidence, 803-804 
Refractive index (see Index of refraction) 
Refractor, metallic, 10, 796-824, 920, 1003— 
1009, 1029 
coefficient of reflection is +1, depend- 
ing upon polarization, 855 
refraction coefficient, 807-814 
parabolic cage, reflector effect, 1029 
perfect, parallel and perpendicular polar- 
ization, 965 
shape design, 1242 
Relations, currents and 
fields, 3-143 
Relative dielectric constant, 5 
ionosphere, 979 
troposphere, curves, 977 
dry-air and water-vapor effects, 977 
Relative dielectric gradient, troposphere, 
971 
Relative equivalent dielectric constant, 5 
earth crust, formula applied, 900 
Relative equivalent ground dielectric con- 
stant, 347 
Relative image antenna current, curves, 
vertical sand horizontal polarization, 
849 
Relative index of refraction, medium 2 with 
respect to medium 1, formula, 794 
referred to vacuum, formula, 794 
Relative permeability, 5 
Relative phase (see Phase, relative) 
Relative phase angle and path difference of 
many wavelengths, 872 
Relative phase condition, equivalent delay 
angle, 872 
numerical evaluation, 872 
Relative time phase, consecutive radiators, 
593 
electric and magnetic field, 41-56 
field, 181 ; 
electric and magnetic components in 
near-field region, 177 
Reluctivity, magnetic, space, 196 
vacuum, 391 
Resistance, effects, voltage maximum and 
minimum positions of line, looking 
toward load end, 699 
external and internal, 714 
radiation (see Radiation resistance) 
surface, plane conductor, 1198 
of wall, curves, 1229 
(See also Radiation resistance) 
Resistive and reactive external components, 
self-impedance, cylindrical dipole, 713- 
714 
Resonance, of half-wavelength slots, 1036 
modes, applied, 1185 


electromagnetic 
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Resonance cavity, cutoff wavelength, for- 
mula, 1233 
frequency, pure dielectric and air, 1234 
and wavelength, 1233-1236 
Resonant and nonresonant conductors, 699— 
700 
Resonant slot radiator, 1036 
Resultant electric field value, distant radia- 
tion region, compared with field value 
of return echo, 887 
Resultant magnetic potential, 
shell, 155 
Resultant wave magnitude, two infinitely 
long wave trains of slightly different 
carrier frequency, 386 
Retarded current, and charge effects, VHF’s 
and UHF’s, 780 
instantaneous, conical antenna, 75 
Retarded scalar potential, electric, space 
charge density, 253 
and vector potential, derivation for line, 
495-496 
Retarded time function, 37 
Retarded time phase, 612 
Retarded vector potential, closed current 
loop, 778 
electric, 315, 337-359 
magnetic, 221-229, 253-258, 267, 290, 
300, 315, 357-359 
components compared with field com- 
ponents, 87 
é and electric potential method, 214 
Rhombic antenna, 458 
Ribbon double line, characteristic imped- 
ance, 67, 70 
energy flow, 67 
relation to characteristic line impedance, 
trapped radiation resistance, 67 
Ribbon-guided radiation resistance, 
energy trapped in interspace, 73 
Right-handed screw space wave propaga- 
tion, 786 
Right- and left-handed polarization, 786 
Right- and left-handed screw rule, vector 
product, 197, 1268-1269 
Ring-shaped slit diffraction pattern, 1282 
Rings, zonal, Fresnel, 1026 
Rock, electromagnetic properties of, 29, 
46 
Rocky ground, 135 
as wave medium, 12, 34, 36, 39, 46, 135 
Rod and loop exciter, guide, 1219 
Root of Bessel function and derivative, 304, 
307, 309-310 
particular, 310 
wave guide, 310 
Rot, alternate notation of curl, 198 
and curl identity, 198 
of vector, 198 
Rotation, 14 
measure and curl of velocity vector, 23 
Rubenstein, P., and P. M. Morse, electro- 
magnetic diffraction, 1063 


magnetic 


field 
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NS) 
Savart, F., and J. P. Biot, Biot-Savart law, 
164, 217 
Scalar, 20 


components of vector, 21 
or dot product, 197, 1268 
general, 20, 22 
gradient of, 1269-1270 
or interior vector prod uct, 197, 1268-1269 
invariant, 20 
point function, 20 
and vector, compared for divergence and 
curl of vector, 22 
gradient, curl, divergence, 20-22 
Scalar potential, 214, 218, 229 
complex, 315 
dissipative and nondissipative wave me- 
dium compared, 358 
electric, 219-229, 244 
and magnetic compared, 358 
magnetic, 219-229 
product, 197, 1269, 1271, 1272 
and vector potential, 315 
product outcome, applied, 210 
relations, review, 1267 
Scalar wave functions, 305, 323 
potential V and U, 219-229 
Scanning aberrations, 1241 
Schelkunoff, S. A., approximations for 
Hallén model, 709 
biconical general line, relations, 735 
biconical line theory, 734-742 
critical review of Hallén integral equa- 
tion, cylindric radiator, 717 
electric and magnetic currents, 361 
electric radiation vector, 614-617, 620 
equivalence principle, 1182 
general radiation formulas, 361 
generalized induction theorem, 356 
induction theorem, 356 
magnetic radiation vector, 614-620, 1128— 
1129 
radiation vectors, 609-614 
theory for radiators of arbitrary shape, 
705 
three-dimensional wave impedance con- 
cept, 4, 7, 39 
Screen, with aperture, wave penetration, 
1037 
complementary, 1036 
exposing primary wave front, 1061, 1082 
Sea water, electromagnetic properties, 4, 6, 
7, 49, 54 
Second Euler function, 1260 
Secondary electromagnetic field, caused by 
electromagnetic obstacle, 314 
source, 1089 
Secondary Hertz vector, 338, 342 
Secondary and primary wave fronts, 1020, 


1037 
Secondary radiation, from spherical earth 
crust, 1069 


1370 


Secondary - radiation centers, causes of 
diffraction in face of primary wave 
front, 1021 

locations of equal phase on primary wave 
front, 1020 
radiation lobe, 10 
(See also Side lobes) 

Secondary wavelet window, 1022 

Sectorial horn, 1182 

Self- and mutual effects, dipoles, elementary 
theory and formulas, 662—666 

Self- and mutual impedance formulas, of 
coupled linear dipoles, 650 

linear radiator, numerical application, 
666-671 

Self- and mutual radiation resistance, effects 

from Lecher line, 192-194 
and reactance, closed circuit, 776 

Self-impedance, cylindrical center-fed radia- 
tor, table for different cylinder radius 
in terms of wavelength, 715 

dipole radiator, in terms of factor 2, 712 
general dipole, 663-664 

Self-radiation effect, electric current sheet, 

619 
magnetic current sheet, 619 
Self-radiation resistance, go and return of 
power line, 519 
and reactance, dipole radiator, 712 
Semiconductor and semidielectric, 17, 136 
Separation constant, may be complex, 327 
for .solving general wave equation, 
method, 302 
procedure, 294 
wave equation, 294, 322-327 
Separation, of polarization, 815 
of slot effect, wave-front radiators, 1121 
in solution of wave equation with cylin- 
dric coordinates, 324 
of variables, procedure with X and Y 
functions, 303 
wave equation, spherical coordinates, 322 

Series F(a,y) function, aperture radiator, 

1154 
and parallel feed, half-wave radiator, 697 

Series solution, exponential function applied 
to Hertz doublet, 516 

75- to 300-ohm termination conversion, 
526 

Shadow, geometric limit for diffracted elec- 
tromagnetic waves, 1072 

geometrical region, 6, 17, 784 
universal factor, 346 
Shadow factor curves, 1077 
universal, electromagnetic 
1074 
Sharp edge, diffraction, formulas, 1050 
obstruction, advancing primary wave 
front, 1046 

Sharp wedge diffraction, curves, 1053 

Sheets, current (see Current sheets) 

Shell, electric, 151, 157 

magnetic (see Magnetic shell) 


diffraction, 
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Sherman, J. B., circular wire aerial radiator, 
747 
Short-circuited double line, formulas, 416 
stub on main line suppresses f, 2f, 4f, 6f, 
etc., 450 
Short-circuited grounded far-end single con- 
ductor, conditions, 456 
Short-circuited quarter-wave-line section of 
double line, 415 
Short-circuited stub, 438, 440 
Short cuts based on Schelkunoff general 
radiation formulas, 361 
Short linear radiator, meridian directivity, 
625 
solution with electric scalar and magnetic 
vector potential, 230 
Shortening half-wave dipole causes react- 
ance neutralization of gap impedance, 
654 
Shunt feed matched, conditions, 705 
Shunt feeding and series feeding of half- 
wave linear radiator, 697 
Shunting stub across line, 439 
Si and Ci, curves, 665 
formulas and expansions, 665 
functions applied to linear radiators, 643— 
648 


Si, Ci and Ci formulas, 712 
Sichak, W., polarization of electromagnetic 
waves, 787, 795 
Side lobes, 564 
gain, 627 
and main lobe, parabolic projector, 1032 
Side shift of beam, radio course, 60 
Signal energy, intermodulation energy, 588 
Signal strength in wave ducts, 996, 1237— 
1240 
Signal velocity, 368-370, 379 
Significance, consecutive and zero values of 
Bessel and Neumann functions, 304 
Significant arguments for vanishing Bessel 
factors, 704 
Significant Bessel roots, 769 
Similitude relations, 297 
mediums of different size, models, 297— 
299 
Sinclair, G., elliptical polarized waves, 787 
slot radiator, 1285 
Sine and cosine expansions applied to radia- 
tion formulas, 782 
Sine function, larger than unity value, ap- 
plied to wave refraction, 61, 804-805, 
817-820 
series expansion, applied to radiation re- 
sistance formula, 519 
Single-feed line, match to half-wave radia- 
tor, 466 : 
Single pulse and harmonic wave with phase 
velocity, comparison formulas, 389 
Single stubbing, matching load impedance 
to line, 428 
Singlet radiator, 938 
Sink and source, 35 
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Sinusoidal current distribution, linear radia- 
tor, general case, 642 
Skilling, H. H., very clear introduction, 
electric waves, 1288 
Skin, metal, of wave guide, power loss, 1208 
Skin current, thickness, guide wall, 1198 
Skin effect, action, electromagnetic field, 16 
good conducting wave medium, 45, 143, 
1198 
on conductors, 143, 1198 
Slater, J. C., dipoles and images, rectangu- 
lar guides, 1182 
microwave transmission, excellent book, 
1182, 1288 
Sleeves and cups, quarter wavelength, 694— 
705 
Sliding probe position, slotted line, 425 
Slit aperture, described by K. Schwarzschild, 
1063 : 
Slot aperture, 1036 
axial, 1036, 1095, 1182 
horizontal, cause of vertically polarized 
waves like vertical wire radiator, 
1036 
Huygens-Fresnel principle, 1036 
interrupting longitudinal currents, 1036 
radiators, field energy distribution, 1125 
like shunt capacitance, 1116 
like shunt inductance, 1116 
vertical, cause of horizontally polarized 
waves, like horizontal wire radiator, 
1036 
Slots, action of, like complementary dipoles, 
1036 
half-wave, resonance, 1036 
and open-slot radiator, 784 
radiator, 17, 784, 1036, 1284 
characteristic and group characteristic 
effect, 1124 
separation effect of wave-front radia- 
tor, curves, 1121 
several, wave-front radiator, derivation, 
1112 
thin, equivalent to array of magnetic 
dipoles, 1036 
and wire radiator, 1036, 1173 
Slotted cylinder antenna, 1036, 1095, 1182 
Slotted cylindric radiator, directivity, 1284- 
1285 
Slotted line and sliding probe positions, 
different load conditions, 425 
using standing-wave ratio concept for 
measuring reflection coefficient, load 
impedance, etc., 416-435 
Small electric dipole, explores electric fields, 
156 
Small loop aerial, formulas, 571-573 
equivalent height, 573 
explores magnetic field distribution, 156 
Smyth, J. B., wave-duct measurement, 1236 
and L. G. Trolese, propagation measure- 
ments, lower troposphere, 996-997 
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Snell’s law, 57, 58, 61, 62, 792, 794, 802-804, 
808, 810, 811, 815, 821 
of reflection, 792 
of refraction, applied, 804, 981 
to troposphere, 980 
dielectric and dissipative mediums, 802 
generalized, 802 
formula, 827 
and reflection applied to waves in 
different mediums, 792 
Snow, C., hypergeometric functions, 327 
Solenoidal conditions, 198 
electric and magnetic flux densities, 313 
field, 1273 
or lamellar field vector distribution, 24 
or sourceless field condition, 312 
wave medium, 198 
Solenoidal vector, 24, 198, 312 
Solid angle, 154, 641 
applied to radiated power and power 
directivity, 621 
elementary, 626, 628, 640 
space angle, 505-506, 621 
Solid radian, 629 
Solid space pattern, 1002 
Solid zonal harmonic of gth degree, 340 
Solution, for cylindrical guide, 309 
typical differential equation with flow 
function, separation of variables, 
302-304 
Sommerfeld, A., on diffraction, 1038 
diffraction theory, 1063 
integral, 496, 498 
for surface current and charges, 496 
on lines, 493 
mathematical space assumption, explain- 
ing electromagnetic diffraction, 1065 
surface-wave theory, 958 
wave propagation, 370 
Source-into-feeder-into-radiator, 
transfer relations, 451-455 
Source and sink of field, 35 
in wave medium, 300 
Source strength given by divergence of vec- 
tor, 1272 
Southworth, G. C., radiation formulas of 
arrays, 594 
Space charge, velocity imparted, 23 
Space current and time phase in terms of Q 
value of medium, 140 : 
Space directivity formula, linear elementary 
radiator, 31 
slot radiator, rectangular aperture, 1108 
Space dissipation attenuation, 123-128 
Space field, directivity, 631 
large angle of wave incidence, 943 
value, transmitter antenna location, 
numerical data, 932 
Space impedance, moving electromagnetic 
field, 63-65 
Space lattice, of dipoles, 592 
radiation formula applied, 596-599 


power 
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Space orientation, linear differential radia- 
tors, 607 
Space point outside spherical earth surface, 
Hertz vector, 344 
Space power directivity pattern, half-wave 
radiator, 630 
Space radiation, 
529-788 
Space radiator, 10 
Space reluctivity, magnetic, 196 
Space screw propagation, 786 
Space substance, polarization contribution 
over vacuum, 196 
Space volume charge, Gauss relation, 197 
elementary, 215 
Space wave propagation, frequency-height 
product significance, 932 
Spacing, consecutive radiators, 593 
effect of slots, computations tabulated, 
1122 
Fraunhofer diffraction pattern, 1123 
electrical, 445 
and phasing, radiator alignment, 593 
of stub on line, formulas, 436 
and timing, half-wave radiators, 631 
in wavelength and beam width, collinear 
half-wave radiators, 604 
Spectra, diffraction, wave trapping, 1240 
Sphere of discontinuity, 77 
Spherical boundary, 76 
Spherical coordinates, 18, 145-151, 215, 
1268, 1270-1271, 1274 
Spherical earth, conducting condition, 337 
crust and electromagnetic diffraction, 
1069 
relations for electromagnetic radiation, 
336 
diffraction factor, 345 
and equivalent flat earth, rays compared, 
998 
wave spread, 887 
expanding wave fronts, 886 
surface and paraboloid surface at apex, 
applied, 871, 997 
Spherical Fresnel zones, 1022 
areas, formula, 1024 
Spherical Hankel function, 332 
Spherical harmonics, 341 
equation, requiring separation, 326 
solution of waves, 328-345 
Spherical primary wave front, 1020, 1022, 
1025, 1047, 1154-1156, 1171-1177 
Spherical reflection coefficient, 1072 
Spherical trigonometric basic formula, rela- 
tions of space point to electric and mag- 
netic current elements, 611 
Spherical wave, 74 
Spherical wave front, 8, 551 
circular gate radiator, 1179 
conical antenna, 74 
elementary solid angle and corresponding 
wave-front element, 628 


unobstructed, applied, 
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Spherical wave front, and plane, 8, 1116— 
1117, 1120, 1121, 1123, 1164-1171) 
1174, 1179-1182 

primary, 1020, 1022, 1025, 1047, 1154— 
1156, 1171-1177 
surface, accounting only for radiated 
power, 628 
area of, 1023 2 
of constant amplitude and constant 
phase, 791, 793 
of discontinuity, 354, 355 
surface element, 628 

Spiral, Cornu (see Cornu spiral) 

Spread, or positive divergence of a vector, 
23 


Square-shaped wave-front radiator, Fraun- 
hofer diffraction pattern, 1108 

Staggered coupled half-wave radiators, con- 
ditions and formulas, 678-679 

Staggered linear radiators, 658-661 

Standard of antennas, modified, based on 
maximum power directivity, 627 

Standard atmosphere, definition of, 971, 994 
ray curvature, application, 990 

Standard Bessel equation, 325 

comparison, 330 


form, with solution, y = Va Z,(Bx), 338 
Standing wave, 111, 116, 288, 1279 
current distribution, double line, 437 
field energy, 111-117 
space wave, conditions, different trans- 
mitter frequencies, 949 
field values, 896 
and traveling waves, 116 
double line, 437 
voltage distribution, double line, 437 
Standing-wave ratio, concepts and line 
measurements, 416—435 
conditions, customary HF line assump- 
tions, formulas for impedance and 
admittance, 416 
definition, k = Emin/Emax, 413 
7 = Emax/Emin, 416 
double line, 411 
experimental, 431 
impedance matching, 427 
r, related to reflection coefficient on line, 
437 
and stub location, applied, 436 
reflection measurement, 440 
reflection coefficient, double line, 417 
table, 441 
reflection factor, 423 
UHF measurement, 420-423 
Standoff beads, effect of, in shielded feeder 
lines, 405 
Stationary wave (see Standing wave) 
Statute mile, 943 
to one kilometer conversion, 969 
Steady rotation about nucleus of atom, 152 
Stiffness, degree of, dissipative wave me- 
dium, 43 


SUBJECT INDEX 


Stokes, Bessel, and Neumann functions, 
divergent waves, 332 
Stokes solution for divergent waves, 332 
Stokes theorem, 15, 25, 332 
Straight-line propagation, rectilinear, re- 
fractive index, 933 
Stratton, J. A., linear antenna solution, 641 
signal velocity, 370 
spheroidal dipole, prolate spherical radia- 
tor, 743 : 
Stratton, J. A., and L. J. Chu, steady-state 
solutions, electromagnetic field, 1182 
Stratum layer, refracted angle, 997 
Stratum waves, and guide action, 959 
lower troposphere, 958 
Stub, closed, matching, 430 
formulas, 430 
distance, from voltage maximum, 445 
from voltage minimum, 444 
double, matching, 445 
and double line measurements, open- 
ended and short-circuited tests, 410 
feeder junction relation, 441 
formulas, 415-416 
and curves, 436 
and relations, 443 
insertion, 436 
length, impedance matching, curves, 432 
and location, curves for matching, 432 
used to neutralize susceptance effects, 
433 
and line susceptance, stub and line junc- 
tion, 441 
location, 432, 440 
impedance matching, curves, 432 
line measurements, 440 
open, matching, formulas, 431 
and short-circuited, input impedance, 
441 
numerical susceptance, 443 
oscillatory changes with changing 
line length, 409 
reactance formula, 441 
relations, 445 
short-circuited, 438 
reactance formula, 441 
shunting line, 439 
spacing effect on line, formulas, 436 
two, impedance matching, 433 
Stubbing out, reactance effects of half-wave 
radiator, 649, 669 
in succession, 435 
Sturmian-type system of equation, 319 
Substandard atmosphere, 995 
Substitution cos 6 = x, applied, 328 
Successive approximations, Hallén and 
King solutions, 709 
Successive stubbing, for better matching, 
435 
Superconductor, 157 
Superrefraction, 6, 969 
Supersonic frequency applied, 929 
- Surface, of constant phase, 369 
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Surface, contour, 21 
of earth, curvature (see Earth, curvature) 
equipotential, 21 
of integration, 648 
Poynting vector method for radiation 
power, 648 
plane conductor, 1198 
sphere of discontinuity, 77 
Surface charge, 65-67 
density, 352 
and flux, 65 
Surface conduction current, 95, 353, 1186, 
1191, 1194, 1197, 1203 
density, guide wall, 1207 
and displacement current, guide, 1193 
Surface current, 65, 95, 353, 1186, 1191, 
1194, 1197, 1203 
and current sheet, 348 
flow on skin, 66, 95, 1186, 1191, 1194, 
1197, 1203 
and magnetic field, 65-67 
Surface divergence, 38, 39, 203 
Surface element, spherical wave front, 628 
corresponding elementary solid angle, 
628 
and volume element, 240 
Surface integral, 15, 25, 108 
and line integral, 15, 26, 101-102, 1275 
and volume integral, 108-123, 130-133, 
1001 
Surface level, 21 
of medium separation, effective cross sec- 
tions, electromagnetic field energy 
tubes, 793 
incidence, refraction and _ reflection, 
angles, 793 
relative index of refraction, 793 
Surface power density, average, radiation 
field, 629 
Surface radiator, diffraction, 1091 
Surface resistance, 1198, 1229 
guide wall curves, different metals, 1229 
Surface wave, Sommerfeld, Zenneck, stand- 
ard broadcast field plots, 899, 900, 906 
guided, 903 
trapping, 959, 995, 1236-1240, 1253-1254 
Surface zonal harmonics, 341 


Surge, characteristic impedance, double 
line, 7, 403 

Susceptance, condition, stub and line junc- 
tion, 441 


conductance, voltage and current distri- 
butions, double line, 438 
numerical, open-ended and 
cuited stub, 442-443 
positive and negative, line measurement, 
439 
Sweep of wave front, speed, 367 


Ab 


Tangential field components, feeder, 480 
and normal field components at boundary, 
352 


short-cir- 


1374 


Tangential magnetic field formula, in terms 
of radius and current, 75 
Tangential plane, earth crust, applied, 948 
reflection point, 933 
TE (transverse electric) wave, 92, 292-296 
dominant, conditions, 374 
guide, impedance, 1199 
Laplace equation applied, 1200 
rectangular, action and relations, 374— 
377 
TE and TM waves, 305-310, 335, 1185— 
1232 
Bessel roots tabulated, 310 
boundary conditions, 307-309 
formulas, 1212 
guide, circular, cutoff characteristics, 305, 
1193 
guided power, formulas, 1202 
limited by cutoff frequency conditions, 96 
modes, circular and rectangular guides, 
1191 
wave functions, 305, 306, 310, 334, 335 
TE, TM, and TEM waves, 67, 69, 70, 74, 
‘ 76, 78, 92-97, 290, 292-296, 306, 317, 
363-364, 403, 406, 492, 1185-1232 
any wave medium, tabulated, 294-295 
compared and analyzed, 92-97 
field components in spherical coordinates, 
292-296 
general description, 92 
illustration of formation of, 95 
TEo,1 wave, excitation, electromagnetic 
horn, 1184 
TEi,0 wave, excitation, rectangular guide, 
currents and field, 1194 
with slot aperture, 1116 
mode preferred, 1220 
and TEo,1 wave, excitations of guide, 382 
TEi,1 wave, guide distribution, circular 
and rectangular, 1190 
TEmn wave, 259-262, 305-310, 374, 381, 
383, 1116, 1117, 1187-1190, 1194, 1204, 
1206, 1207, 12138, 1219, 1221, 1223 
formula, 1188 
relations for guide, 377-879, 1185-1232 
TEm,o wave, excited by coaxial feeder, 1189 
TEn,m wave, 307 
and TMn,m wave, 307 
TEo,o wave, nonexistent, 381 
TEM (transverse electromagnetic) wave, 
76, 92 
action, 95, 285-291, 317 
bicones, electric and magnetic fields, 
transverse voltages, longitudinal cur- 
rents, 735 
current and voltage relations, and char- 
acteristic impedance, 742 
impossible in hollow guide, 357 
double-line guided, 67 
characteristic impedance, 403, 405 
line-guided relations, 485 
on lines, 494 
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Temperature inversion, 969, 984, 994, 995— 
997, 1236-1240 
Terminations at gaps, parallel inphase half- 
wave radiators, 687 
Theorem, Gauss, 22, 24, 25, 108-109, 120, 
122, 196 
Green, 1279 
symmetrical form, 1279 
Stokes, 15, 25 
Thin dipole radiator, analysis, 530 
Thoma, A., partial radiation suppression, 
557 
Three-dimensional characteristic wave im- 
pedance, 4, 17, 36, 40-45, 50, 53, 55, 
316 
Three-dimensional medium propagation 
constant, 317, 390 
attenuation and wavelength component, 
53 
Cartesian components, 320, 323 
Three-dimensional space propagation con- 
stant, 30, 44, 46, 48, 50, 55 ; 
Three-dimensional wave attenuation, neper/ 
meter, dissipative medium, 123 
Three-dimensional wave equation, 320 
300- to 75-ohm termination conversion, 526 
Three-wavelength distributions, two inter- 
laced circular wire radiators, resultant 
effect, 753 
Thrust (forward) factor, linear array, 603 
Tilt, forward, electric field, 958 
over actual earth crust, solid and 
liquid, curves for all conditions, 
900 
ocean surface, tabulated, 910 
of wave front, curved radio beam, 982 
Time angle, positive and negative, reflec- 
tion coefficient, 436 
average, 118, 189 
Time average of cos? (wt — Br) function, 
250 
Time delay, 937 
dealing with many wavelengths of 
propagation, 453-454, 872, 878-880 
of envelope, 365 
Time lag, magnetic field against electric 
field, ocean, 137-138 
Time phase, 41 
angle, total, evaluations, 872 
characteristics, radio beam, reflected, 
dissipative wave medium, 845, 853 


electric and magnetic fields, near-field - 


region, 182-187 

and magnitude, plot of reflection coeffi- 
cient, vertical and horizontal polar- 
ization, 855 

reflection coefficient on lines, 436 

relative (see Relative time phase) 

wave impedance, highly dissipative wave 
medium, 43 

Time rate of decrease, 
field energy, 201 


electromagnetic 
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Timing and spacing, half-wave radiators, 
631 
TM (transverse magnetic) wave, 305 
distributions, wave guide, 1186 
excited in concentric line, 95 
first order, biconical line, 737 
guide, longest wave, 308 
modes and roots of Bessel functions, 379 
wave function, 334-335 
wave impedance, 1199 
(See also TE wave and TM wave) 
TMo,1 wave, mode, circular symmetrical, 
1219 
TMi,1 wave, longest wavelength, 308 
mode, longest natural wave, 305 
TMn,m wave, 307 
modes in cylindrical guide, 379 
Total capacitance, ribbon double line, 73 
Total current, 98 
content, 26. 
density, 28, 29, 199 
Total directivity, Dg: D, product, n equal 
collinear antennas, 588 
Total Fresnel zones, operative, 1041 
Total generalized electrical length Q = lT of 
double line of actual length /, 408 
Total magnetic flux, 14 
Total phase for vertical and horizontal 
polarization, 945 
Total radiation resistance, power line, 520 
Total reflection (see Reflection, total) 
Total refraction (see Refraction, total) 
Total self-induction, ribbon line, 72 
Trade winds and wave duct, 996 
Transformation, of impedance with quarter- 
wave line section, 438 
of integrals in leading to Ci and Si func- 
tions, 643-648 
of unbalanced to balanced feeder, 525 
of volume into surface integral, 122 
Transit time effect, 214, 223, 1274 
in tubes and scalar potential and magnetic 
vector potential, 1273-1274 
Transition stratum, 997 
Transmission line, field conditions, com- 
pared with space field conditions, 285— 
291 
and guides, metallic energy absorption, 
80 
Kirchhoff solution, 40 
more than two parallel wires, 469 
and radiation, 402-527 
remarks on, 456 
relations, 406-416 
Transmission-line equation (classical), 68, 
94, 97, 289-291, 362-363, 371, 373, 402, 
406-451, 484-488, 492 
Transmission-line theory (classical), based 
on voltage and current concepts, can- 
not account for radiation, 492 
and Maxweli’s field theory, characteristic 
impedance formulas, 40-41 
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Transmission-line theory (classical), satisfies 
voltage and current at any point of line, 
493 
voltage and current, related to Maxwell’s 
field equations, 40 
Transmitted and reflected fields of guide, 
357 
Transverse electric wave (see TE wave) 
Transverse electromagnetic wave (see TEM 
wave) 
Transverse and longitudinal fields, 1185 
field components, 88 
magnetic line effects, guide, 969 
wave-guide current, 1204 
Transverse magnetic wave (see TM wave) 
Transverse voltage, 78, 83 
biconical line, 78, 83 
ribbon double line, 68 
wave configuration, TE:,0 wave, 1218 
Trapped field energy, double ribbon line 
interspace, 73 
radiation, ribbon double line, 68—73 
Trapping, of electromagnetic energy, 143, 
994-997, 1236-1240 
of waves, in low wave duct, 958-964, 
1236-1240 
_in lower troposphere, 996, 1236-1240 
Traveling wave, 111-112, 116 
backward and forward, 333 
currents and electric and magnetic fields 
compared, 363 
field energy, 111-117 
Lecher wires, 521 
and standing wave, double line, funda- 
mentals, 416—420 
Traveling-wave tube, 417 
Triangle, path formed by radiation and 
reception centers and reflection point at 
earth crust, 868 
solution of sum and difference effect on 
the resultant, in the case of advanc- 
ing and reflected waves, 115 


' Trolese, L. G., wave-duct measurements, 


1237 
Troposphere, 6, 969-997, 1003, 1236-1240 
conditions, refractive index gradient with 
height, 994 
humidity effect, 6, 969-997 
polarization per cubic meter, 972 
Tay path, 983 < 
in refractive index variation, 980 
superrefraction, 994-997, 1236-1240 
temperature effect, 969-997 
wave-duct action, 994-997, 1236-1240 
Tropospheric index of refraction, 6, 56, 891, 
969-997, 1236-1240, 1253 
conditions, 998 
general remarks, 980-983 
numerical values, 988 
physical properties, 973 
variable or constant, 1000 
well mixed, 997 
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Tropospheric refraction, general wave equa- 
tion, 319 
gradient, 998 
Tropospheric stratum waves, close to earth 


crust, 958 

Tropospheric wave, 6, 958-964, 969-997, 
1236-1240 

Tropospheric wave trapping, 994-997, 
1236-1240 


Tuning condenser, radiation, 101 
shortening length of dipole neutralizes gap 
reactance, 654 
Turnstile bay, 620 
power supply by aperiodic feeder, 700 
several, field ratio and power ratio, 621 
Turnstile polarization, 785 


U 


Unbalanced to balanced feeder supply sys- 
tems, 525 
Unbalanced coaxial line to balanced coaxial 
line, 526 
Unbounded inside wave-guide medium, 
propagation condition, 380 
Unbounded wave medium, propagation, 363 
Unequal spacings, consecutive half-wave 
radiator alignment, 605 
Uniform current sheet effect, 1029 
Uniform dipole distribution, 1029, 1182 
Uniform intensity distribution, electro- 
magnetic horn, 1184 
Unilateral beaming, 638 
suitable phasing, 596 
broadside, conditions, 599 
end-firing, formula, 584 
Unit, of dielectric constant explained, 67 
of permeability explained, 67 
solid angle, 1093 
applied, 616 
vector, 197, 1246, 1268, 1269, 1272 
or line vector per unit length, 22 
Units, mks, 7, 195, 12438-1251 
compared with cgs units, Gaussian units, 
Heaviside-Lorentz units, 1243, 1253 
Universal shadow vector, electromagnetic 
diffraction, 1074 
Unobstructed radiation, 529-788 
Unobstructed region, diffraction, numerical 
applications, 1056 
Unobstructed space radiation, 529-788 
general remarks on, 784 
Unpolarized wave, definition of, 787 
Upward bending electromagnetic ray, 974 
Upward ray curvature, 998 


Vv 


Vacuum dielectric constant, 4, 5 
Vacuum oscillation constant, 391 
Vacuum permeability, 4, 5 
Vacuum reluctivity, 391 

Valence electron, flow of, 152 
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Value and normal gradient of wave function, 
boundary surface, 311 
Variable directivity factor, 628 
and fixed factor of phase factor, 612 
Variables, separation procedures with X and 
Y functions, 303 
for cylindric coordinates, 322-325 
for spherical coordinates, 294, 321-327 
Vector, 20 E 
addition, electromagnetic field relations 
870 
analysis, divergence identity, 198 
conjugate, 124, 210 
cross product, 197, 198, 201, 203, 210, 
1268-1269 
diagram, linear half-wave radiator, evalu- 
ation solutions, 539 
function P in place of scalar wave func- 
tion w, wave equation, 315 
identity, average divergence, 201 
div (8 X H) = H curl & — & ew Z, 
119-121 
electromagnetic fields, 119, 121, 198, 
201-203, 1268-1269, 1272, 1275 
1 concept, arbitrary elliptical polarization, 
787-788 
lamellar vector distribution, 24 
magnitude and phase, 20 
multiplication, 11, 22, 23, 25, 197-199, 
201-203, 206, 210-211, 1268-1269, 
1273 
operator, 23 
also known as nabla operator, 1271— 
1272 
point function, 20, 1271 
particular vector potential, 361 
radiation (see Radiation vectors) 
solenoidal, 24, 198, 312 
Vector potential, 300, 301-302, 307 
closed current loop circuit, for low fre- 
quencies, 778 
complex, 315 
and current density relation, 225 
electric (see Hlectric vector potential) 
formulas, 249-258 
magnetic (see Magnetic vector potential) 
retarded (see Retarded vector potential) 
and scalar potentials, 223-229 
Vector potential method, 361 
for finding field effects, fast time varia- 
tions, 217-218 
Vector product, conjugate vectors, 210 
exterior, 197 
Vector relations, rules, 197, 1274 
and scalar field relations, 218-229 
summary, 1274 
Velocity, copper wave medium, 51 j 
dielectric wave medium, 7, 44, 59, 791, 
793, 796, 799, 800, 805, 806 
with refraction, 969-997 
dissipative wave medium, 29, 49, 54-56, 
59, 62, 900, 907, 909 
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Velocity, earth crust wave medium, 50, 54— 
56, 59, 62, 900, 907, 909 
imparted on space charge, 23 
ocean wave medium, 49, 50, 900, 911 
phase and group (see Group velocity; 
Phase velocity) 
progressive (traveling) wave, 112 
pronounced conductive wave medium, 
50-51 
propagation, air, 4, 6 
conductive medium, 43, 45 
dissipative medium, 6, 17, 30, 40, 43, 
45-46, 48 
tropospheric, 969-1003 
signal, 369-370 
wave front, 367 
wave propagation, 368-379, 799 
compared with group and signal veloc- 
ity, 369-370 
ground, 6, 50, 54-56, 59, 62, 900, 907, 
909 ~ 
ocean, 6, 49, 50, 900, 911 
surface of medium separation, 791 
vacuum, 4 
Vertical antenna, 917 
diffraction pattern, 1102 
Vertical directivity, vertical and horizontal 
polarization, over wet earth crust and 
100 Mc/sec, curves, 956 
Vertical electric dipole, 153 
Vertical half-wave dipole curtain, 590 
Vertical and horizontal polarization (see 
Horizontal and vertical polarization) 
Vertical and horizontal waves (see Hori- 
zontal and vertical waves) 
Vertical linear radiator, and _ horizontal 
disk radiator, conditions, 762—765 
directivity pattern, 765 
over ocean surface, 911 
over quasi-perfect and actual earth crust, 
918 
receiving antenna compared with hori- 
zontal antenna, 795 
Vertical pattern, horizontal linear radiator, 
quasi-perfect and actual earth crust, 
918 
Vertical polarization, 19, 28, 551, 940 
comparison of different wave mediums, 
derivations and formulas, 796-826 
condition over actual ground, 831 
diffraction formulas and curves, 1078- 
1081 
earth crust reflection, 913-949 
formulas, 963 
maximum field effects, formulas, 967 
polar radiation patterns, formulas, 953 
reflection coefficient, dissipative wave 
medium, Brewster angle and dip, 861 
resultant electric space field, 953 
wet earth crust at 100 Me/sec, tabu- 
lated, 955 
(See also Horizontal and vertical polariza- 
tion) 
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Vertical radiation patterns, actual earth 
surface, 952 
ideal, and wet soil conditions, 957 
Vertical slot aperture, metal screen, for 
horizontally polarized wave, 1036 
Vertically polarized wave, 28 
and horizontally polarized arriving wave 
(down-coming), direct and ground- 
reflected contributions, 797 
Voigt theory applied to apertures, 1034 
Voltage, and current, any distance from 
load end, double line, 408 
effective values, any distance from 
input end, double line, 411 
locations, line with reflections, 439 
current, conductance and susceptance dis- 
tributions, double line, 438 
function, 306-310 
impedance, for driven and parasitic radia- 
tors, 652 
several driven radiators, 652 
induced in radiator, formulas, 651 
maximum on line, 440 
location, standing-wave ratio, 444 
probe for line, 421 
TEM waves, and complementary waves, 
biconical line, 738 
Schelkunoff biconical line, 736 
transverse, 78, 83 
Volume density, 110, 200 
of magnetization, 154 
of polarization, 239-240 
Volume divergence, 109 
Volume element, various coordinate sys- 
tems, 144-147 
Volume and surface integral, 108-115, 119- 
125, 130-135, 1279 
divergence concept, 108-111 
Gauss, Green, and divergence theorem, 
1279 
relations, 108 
Volume and surface moment, 240 
Vortex motion, velocity vector, 23 


WwW 


Water-vapor content, in tropospheric wave 
bending, 997 “\ 7 
Watson, G. N., diffraction of electromag- 
netic waves around earth surface, 1065 
Watts/meter length, heat loss, coaxial'line, 
482 
Wave, advancing and reflected (see Ad- 
vancing and reflected wave) 
attenuation of, 30, 125, 136, 138, 164 
rigorous, 35 
complementary, 78, 94, 97, 492 
component discrimination due to polariza- 
tion, 786-787 
conditions of, either side of earth crust 
surface, vertical polarization, 899- 
912 
crests and troughs of, 1020, 1037, 1039 
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Wave, decay of, 38 


due to wave spread, plane and curved 

earth, 885-887 

diffraction deviation from rectilinear 
propagation depending on dimension 
of wave front, 1028 

distribution, double line, 421-435 

disturbance instantaneous in Kirchhoff 
diffraction theory, 1061 

down-coming, effect of, due to direct and 
ground-reflected waves, 797 

near earth crust, 902, 906 

noncircular, 307 

plane (see Plane wave) 

power flow, complex, 121 

progressive (see Progressive wave) 

refracted in dissipative medium, phase 
factor, 796-826 

stationary, standing (see Standing wave) 

TE and TM (see TE wave; TM wave) 

traveling (see Traveling wave) 

tropospheric, 6, 958-964, 969-997, 1236— 
1240 

unpolarized, definition of, 787 

zigzag, 967 


Wave antenna (Beverage), directivity, 457— 


461 


Wave duct, 319, 995, 996, 1236-1240, 1253- 


1254 
low level, 1236-1240, 1253-1254 
and trade winds, 996 


Wave equation, 267, 273, 288, 292-295, 302— 


304, 311-312, 318, 321-334, 336, 1060- 
1064, 1068, 1087 
applied, 497, 1274 
Cartesian coordinates, 323, 1063 
cylindrical coordinates, 324 
and separation, 324 
dielectric (nondissipative) wave medium, 
293 
electromagnetic boundary conditions, 
1067 
exponential law (approximation) with 
distance, true radiation field, 334 
general, 294, 311-312, 318-336, 338-346 
solution by separation constant, 294 
spherical harmonics, 311-335 
tropospheric refraction, 319 
Hertz and Fitzgerald vectors, yielding 
complex vector, 312, 318-326, 330 
Maxwell’s equations satisfied, 1063 
satisfied by flow function, 302 
separation constant, 302, 324, 326 
solution by J. R. Carson, general form of 
N parallel conductors, 492 
spherical coordinates, 321, 325, 329, 336 
three-dimensional, 320 
two-dimensional, diffraction theory, 1063 
Wave front, 7, 365-368 
advancing (see Advancing wave front) 
applications, near-field region, linear 
radiator, 551 
circular, classic derivation, 1136 
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Wave front, circular, wave function, 1137 


definition of, 7, 93 

direction of wave propagation, 8 

expanding, 886 

flat (plane), 19 

general remarks, 365-368 

location of equal phase, applied to phase 
difference, 445 

normal propagation velocities, surface of 
medium separation, 791 

in opening, 784 

plane (see Plane wave front) 

primary (see Primary wave front) 

polarization of linear radiators, 549-557 

separation factor, 1115 

spherical (see Spherical wave front) 

tilts for curved or refracted radio beam, 
982 

velocity, 367 

watt density, 130 

wattless density, 130 


Wave-front radiators, any contour, distant 


radiation effect, 1156 

Huygens-Fresnel principle applied, 1036 

due to Huygens wavelet sources, 1019 

Kirchhoff-Huygens principle, 784 

seat of electromagnetic field energy, 
10-11, 1089-1091, 1092-1095, 1160— 
1170 

several,.in same primary wave front, 
treated for distant field point with 
respect to proper phase, 1112 

(See also Circular wave-front radiators; 
Rectangular wave-front radiators) 


Wave function, alignment of circular 


aperture radiators, 1149 

aperture radiator array, resembling modu- 
lation product, 1148 

bounding surface and its normal gradient 
on surface in Kirchhoff wave equa- 
tion, 311 

circular diffraction radiator, 1137 

complex, 1064 

concept of group velocity meaningless, 
389 

conditions, electromagnetic diffraction 
pattern, 1087 

Dalembertian of, 311 

elementary, with value g an integer, 333 

formulas, 293-295, 1061, 1064, 1084, 
1087, 1111, 1186, 1146, 1148 

general, compared with function of 
electromagnetic wave, 1176 

generalized, 498 

longitudinal electric and transverse mag- 
netic waves, 334-335 

@1(p) P2(v) &3(z) solution, 497 

with products, 294, 302-303, 322-326, 
334-335 

rectangular slot radiator, 1109 

relation, 1021 

special solution, 1278 
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Wave function, spherical coordinates and Wave guide, fields and currents, rectangular 


elementary functions, 322 

solution for finite regions including 0, 497 
for great distance, 497 

TE wave, 294-295 

TE and TM waves, 334-335 

TEM waves, 294-295 

TM wave, 294-295 

three Cartesian components, 320, 323 

twofold, electromagnetic waves, 1029 

x, y coordinates, 1088 


Wave guide, actions, 6, 95 


as attenuator, 381 
as high-pass network, 374 
tropospheric, 6, 958, 959, 964, 968, 969, 
994-997, 1236-1240 
amplitude distribution, 308 
application, 303-310 
attenuation, curves, 1229 
due to dielectric dissipation, 1217 
formulas, 1217 
TE and TM waves, 1206 
imperfect dielectric, 1214-1217 
due to metal wall dissipation, 1203 
for pass and no-pass regions, 1215 
bending curvature, 1221 
Bessel derivative, 307, 309 
boundary conditions, 307-310, 1185, 
1214, 1232 
and cavities, 1185-1237 
characteristic curves, 1217 
characteristic wave impedance, 1199 
circular (see Circular guide): 
coaxial, 95, 1230-1232 
conditions within guide and outside 
rectangular opening, 1126 
cross section effect, 1217 
with rectangular apertures, 1116 
current flows, TE:,o excitation, 1194 
leakage over opening walls, 1195 
curves, dependent on wave mode and 
guide shape, 1226 
rectangular and circular guide, com- 
putations, 1227, 1228 
cutoff frequency, 1187-1188, 1190, 
1193, 1213, 1215, 1217-1219, 1222— 
1225, 1227-1228 
cutoff formulas, 95, 260, 262, 306-310, 
377, 379, 1127, 1187-1190, 1192- 
1193, 1196, 1207-1232 
cutoff wavelength and frequency, 308 
cylindrical (see Cylindrical guide) 
dielectric loss, 1217 
displacement current, 95, 1186, 1191, 
1193-1196, 1205-1207 
distributions, 95, 260, 374, 377, 1186— 
1187, 1189-1194, 1207, 1219, 1221 
electromagnetic horn matching, 1221 
energy flow along, 1203 : 
field distortion, 95, 260, 306, 308 
field distribution, 95, 260, 262, 306, 308, 
374, 377, 1186-1194, 1207, 1219, 
1221, 1280 


guide, 1194 
formulas, 260, 262, 305-310, 374-379, 
1188-1233 
TE and TM waves, 1227 
general, 94-95, 260, 304-310, 374-379, 
1185-1232 
guide wavelength, 261, 305, 309-310, 
374-375, 969, 1125-1127, 1186, 1194, 
1196, 1199, 1207-1228 
Jo Bessel curve, boundary condition 
satisfied by, 379 
K formula, 382 
cylindric guide, 383 
longitudinal magnetic and electric wave, 
p values, 383 
longitudinal and transverse current, 1204 
loss, total attenuation, 1226 
matching, 1221 
metal wall power loss, 1203 
modes, 260, 262, 305, 307-310, 374, 377, 
379, 383, 737-738, 967, 1187-1194, 
1201, 1207, 1212, 1215, 1219, 1221- 
NRE 
attenuation tabulated, 1222-1225 
cross section tabulated, 1222-1225 
cutoff characteristics tabulated, 1222— 
1225 
cutoff frequency tabulated, 1222-1225 
discrimination, 1226 
excitation, 1217 
fields tabulated, 1222-1225 
formulas tabulated, 1222-1225 
K values tabulated, 1222-1225 
and shape of guide, 1226 
TMo,1, circular symmetrical, 1219 
nomenclature, IRE recommendations, 
304-308, 374, 376-383 
phase and group velocity, 376, 378-385, 
1196, 1199, 1226-1227 
curves, 384 
power flow along, attenuation losses, 
1199-1217 
power loss, 1204 
in walls and frequency, 1210 
power rectangular guide, 1201 
Poynting vector, 212-214, 1199 
propagation constant, 261-262, 295, 306— 
309, 374-381, 1126-1127, 1215-1217, 
1227, 1230, 1231 
along rectangular guide, 381 
properties, 1217 
radiation, 261, 1226-1236 
radiator, 261, 359, 1126-1136 
rectangular, significant formulas, TEm,0 
waves, 1126 
rectangular (see Rectangular guide) 
relations, 93-96, 260-262, 294-295, 303— 
310, 359, 374-385 
derived for rectangular guide, 374-377 
shifting of polarization, 1221 
solutions, 260, 262, 304-310, 374-379, 
1188, 1196-1232 
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Wave guide, surface conduction current, 


95, 1186, 1191, 1193-1196, 1198, 1204— 
1207 
surface wall, impedance, 1198 
resistance, 1198 
TE,» relations, 377-379 
TEm.n waves, 1218 
three-inch copper cylinder, cutoff fre- 
quency, 380 
total attenuation, imperfect dielectric, 
1226 
twist, 1221 
wall, surface resistance curves, 1229 
wave pass device, 381 
wavelength, unguided, unbounded for air 
and pure dielectric, 305, 1126, 1199 
circular guide, 305 
rectangular guide, 305 


Wave illumination, geometrical shadow 


zone, partially due to wave interference, 

1019 

Wave impedance, 4, 17, 36, 40, 43, 45 

binomial theorem applied to expansion of, 
246 

characteristic (see Characteristic wave 
impedance) 

complex, general, 17, 36, 40, 42—43, 45, 50, 
53, 55, 70 

small current loop and Hertz doublet, 

160 

copper plane, perpendicular, 898 

dissipative wave medium (see complex, 
general, above) 

electromagnetic wave propagation, 63- 
65 

Hertzian doublet, 160 

incident wave, 814 

magnitude and phase, in medium, 17 

mouth of guide, either side, 356-357 

plane of medium separation, 809-810, 
814 

reflected wave, 814 

refracted wave, 814 

small current loop radiator, magnetic 
dipole, 160 

TE and TM waves, 1199 

in terms of series for small current loop 
radiator and Hertzian doublet, 160 
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Wave interference, 9-10, 385, 417, 504-505, 


545, 676, 917-918, 923, 926-927, 929, 
1013, 1019, 1037-1039, 1050-1058, 1172 
destructive, 929 
and Huygens principle, 1019 
diffraction, 1038 
earth crust, 913-949 
metal reflector, 917, 918, 921, 923, 926— 
927 
possible causes, 9-10 
radiation resistance effect, 676, 1013 


Wave medium, air, properties, 4 


complex, general, 3, 4, 12, 45, 117-138, 
840, 845-853 

dielectric (see Dielectric wave medium) 

different, derivations of formulas for 
incident, reflected, and refracted 
beams, vertical and horizontal polar- 
izations compared, 796-826 

discontinuity in, 66 

dispersive (see Dispersive wave medium) 

dissipative (see Dissipative wave medium) 

dry ground, 394 

attenuation and phase constant, 397 
group velocity, 398 

earth crust, dry, 394 

electromagnetic properties, 4-7 

extreme cases for conduction and dis- 
placement currents, 396 

frequency effect, 390-401 

general (see General wave medium) 

gradient of dielectric constant, causes 
curved wave path, 371 

highly dissipative, propagation constant, 
48 

logarithmic decrement, 138 

nondispersive and dispersive, formulas 
compared, 399 

ocean, 394, 400 

perfect, 1273 

relative magnitudes of electric and mag- 
netic fields, 45 

Snell’s refraction laws for dielectric and 
dissipative wave mediums com- 
pared, 802 

without ionization, phase velocity smaller 
than velocity in empty space, 395 

(See also Medium) 


(See also Impedance) 
Wave incidence, Brewster angle, 829-839 


Wave model theory, similitude relations, 
297-299 


reflection curves, 849-852 Wave obstacle, aperture occupied by 


grazing, 860, 948 
reflection coefficient, 860 

larger than critical angle, 805 

normal, impedance to waves, 898 

perpendicular (see Perpendicular wave 
incidence) 

polarization distinction, 790 

reflected and refracted, formulas, 806- 
807, 960 

reflection coefficient, magnitude and time 
phase, vertical and horizontal polar- 
ization, 855 


spherical primary wave front, 1047 
dimensions in terms of wayelength, 1101 
frequency dependency, 143 
phase constant, 789 
phase factor, 789 
and radiation space, boundary conditions, 
790 

secondary electromagnetic field due to 
primary field, 314 

size and effect on propagation, 318 


Wave obstruction, and diffraction radiation, 


1018-1184 
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Wave obstruction, and electromagnetic field 
energy tubes, applied, 791 
and ray wave propagation, 789-1017 
wet soil, 939-943 
Wave package, 389 
Wave path, curved, 6, 969, 981-983, 986-— 
988, 991, 998, 1003 
linear, (rectilinear), 977 
modified, 997 
rectilinear, 6, 977 
Wave penetration (see Penetration, wave) 
Wave polarization (see Polarization) 
Wave potentials (see Scalar’ potential; 
Vector potential) 
Wave propagation, through apertures, 1034 
frequency-height product, significance, 
932 
ideal wave medium, 391 
metallic wave medium, 45 
multipath, 10, 887-895 
nonrectilinear, 969 
over obstructions, numerical, 913-949 
from parabolic reflector, 1028 
space screw polarization, 786 
over wet soil, 936 
type, ray theory, diffraction, 318-319 
(See also Propagation) 
Wave reception, over actual earth crust, 
ray concept relations, 867-876 
at transmitter location, 887 
Wave reflection, from elevated layers, hori- 
zontal stratified atmosphere, reflec- 
tion coefficient formula, 997 
formula and graphical solution, 115 
horizontal stratified atmospheric layer, 
997 
in inhomogeneous wave medium, 997 
from large surface of earth crust surface, 
Huygens wavelets, 1018 
from metal planes and general medium, 
formulas, 895-899 
at plane of medium separation, numerical, 
897-899 
and refraction, comparative derivations, 
vertical and horizontal polarizations, 
798-824 
Wave spread, into geometrical shadow 
region, diffraction, 1039 
plane and curved earth, 885-887 
solution, Poynting vector used, 886 
spherical and flat earth, compared with 
illustrations, 887 
Wavetrain, damped, within copper medium, 
477 
Wave trapping, 958-964, 996, 1236-1240 
in low wave duct, 958-964, 1236-1240 
in troposphere, 996, 1236-1240 
Wave tube (traveling-wave tube), 417 
Wavelength, different mediums, 49-52, 54 
diffraction, 1018 
earth crust neighborhood, 907 
free wavelength effect in wave duct, 996 
and frequency, 789 
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Wavelength, general dissipative wave 
medium, 64 
along guide, 381-382 
on line, 10 
in mediums, different Q value, 54 
refraction, 1018 
Wavelet, concept, 17, 1019-1022 
applied to parabolic electromagnetic 


projector, 1028 
effects, integration, ignoring phase factor, 
1157 
elementary, center of, 1088 
Huygens sources, rectangular wave-front 
radiator, 1092 
interference, 1172 
mosaic of secondary wave sources, dif- 
fraction, 1092 
primary wave-front expansion, 1020 
principle (Huygens), 1019 
Wavelike disturbance, as forced function 
and natural wave-medium function, 
367 : 
due to sharp pulses, 366 
Wedge diffraction, zonal rings, 1040 
Wedge-shaped mountains, diffraction, un- 
obstructed and in obstructed (shadow) 
region, numerical, 1052 
and short waves, 1049 
Wedge-shaped wave obstruction, 
spiral solution applied, 1055 
Wet earth crust, vertical polarization, 955 
Wet soil, reflection coefficient, tabulated 
computations, 833 
table for 100 Mc/sec and _ horizontal 
polarization, 954 
wave obstruction, 939-943 
Weyl surface waves, 958 
Whirl, amperian, 154 
rotation, 14 
Width, diffraction beam, plane wave front 
with wavelets, 1033 
Wind effect and wave-duct propagation, 996 
Window of parabolic reflector taken as 
electric current sheet, 1029 
Wire reflector and solid metal reflector 
compared, 787 
Wire and slot radiator compared, 1036, 
1279 
Wobble (of frequency of carrier), method, 
929 


Cornu 


x 


z = cos @ substitution in integral solutions, 
341 


Z 


Zn(a) relations, 343 

2m and I, refer to double lines with radiation 
effects, 97 

Zenneck, J., and Sommerfeld, A., surface 
wave, 958 
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Zero and maximum field effects, 897 
Zero-order approximation in King theory, 
717 
Bessel function, 301, 704 
Hankel function, 339 
Zigzag uniform plane wave and guided 
TEm,o wave, 967 
Zigzag wave, 959, 964 
Zonal areas, difference between consecutive, 
1025 
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Zonal areas, magnitudes, 1024 
for plane wave front, numerical exam- 
ple, 1027 
Zonal Fresnel areas, dimensions for plane 
wave front, 1027 
Zonal parameters of Fresnel zones, 1024 
Zonal rings, sharp wave obstruction, 1040 | 
sharp wedge diffraction, 1040 
Zonal solid harmonic of gth degree, 340 
Zones, Fresnel (see Fresnel zones) 
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